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CHAPTER 1 
INTRODUCTION :J.TD RE'~IEW OF LITERATURE 
INTRODUCTION 
In a wo~ld of grmvirlg food shclrtage the ruminant has a useful place 
because of its abilit~ to co~vert nutrients otherwise inedible or 
unacceptable to the human, into hig~ly nutritious products. This 
fact is well established in the utilization of roughage by ruminants 
who act not only as converters but also as harvesters of roughage 
inaccessible to man and his tools. Throulsh industrializa tion and 
intensification of animal production, products become available, 
sometimes in such quantities as to cause enviroll..mental pollut:on 
(Smith, 1973; .blair, 1975). An example of this is the accumulation 
of excreta, as frum feedyards or commercial poultry production. 
Smith (1973) stated that; animal recycling systems for utilizing 
undigested feed nutrients and by-products of digestion and metabolism 
could place animals in an iillproved competit~ve position for supplyin~ 
an even greater part of the world's future prote in needs. Other 
available by-products suitable fur ruminant conversion to human food 
include crop residues and by-products in the sugar, beer and plant 
oil industries. 
It is most unlikely that such by-products can supply all the essential 
nutrients needed by the animal in a balanced form. Deficiencies 
and excesses of both essential and non-essential compounds can .be 
expected if these by-products alone are fed. Blair (1975) indicated 
that the Animal Scientists could help to solve the problem of noxious 
industrial waste, by developing ways of processing such waste products 
and rendering them safe for inclusion in animal feeds. 
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Environmental or man-made imbalances of trace elements can cause 
'a significant reduction of animal performance. This results in 
substantial economic loss and indirectly in a poorer nutritional 
status of human populations (Mertz, 1976). There is usually a 
rather wide range betvleen the minimum dietary requirements of 
nutl:ients and maximum safe levels. However, all chemical agents , 
including essential eler'li~nts are ,toxic in excessive amount (Mertz, 
1976; Lu~key & Venugopal, 1977; Neathery & Miller , 1977). Luckey 
& Venugopal, (l977)suggested that the secret of survival is not to 
absoJ.utely prohibit the use of potentially toxic chemicals but to 
utilize each one rationally. Homeos~ati~ mechanisms in the body 
can control tissue levels of essential elements with varying degrees 
of effectiveness. Th~ body also has some protection from the 
inorganic forms of elements through the low absorption of these 
elements from the digestive tract (Neathery & Mi.ller, 1977). 
M~~y incinences of over-exposure to trace minerals are reported in 
the literaturE.; those commonly ,;onde~.:ned pubEcly include overdosages 
of the elements F, Cd, Pb, Se or As, even though some o[ them mny be 
essentia l nutrients (Frost, 1979). The present study was prompted 
by local reports uf Cu toxicity in sheep '",ho are fed poultry manure. 
Since poultry ~anure is paten i:ially an excellent sou'rce of non-
protein nitrogen for livestock, its sa[~ utilization should ideally 
be p.xplored. 
In South Africa poultry manure can be sold as an animal food only if 
it complies ''lith certain nutrient and hygienic specifications. To 
satisfy the hygienic requirements it has to be processed, ego by 
artificial drying. This substantially incr~ases the price of the 
product (Denny, 1977). Consequently poultry manure is commonly 
purcha~ed as fertilizer and then used as an animal feed. As part 
of an effort to ascertain the nutritional value of poultry manure 
and to ,gather data on its Cu content, poultry manure samples were 
collected from various sources in South Africa and subjected to 
detailed chemical analysis. 
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The use of Mo for protecting sheep against Cu toxicosis is ",e1l 
established (Dick, 1954). However, the precise re1~tionship between 
Cu and Mo in the diet of ruminants has not yet been completely 
elucidated. Therefore, a series of trials was initiated in which 
the effects of various dietary levels of Cu, Mo or S on Cu and Mo 
metabolism were tested. It was further decided to expose sheep :0 
high levels of Cu intake in order to simulate conditions of 
high Cu contaminations, as observed in broiler litter and possible 
other cases of Cu · pollution of diets. 
REVIEW OF LITERATURE 
The metabolism of Cu in the body is characterised by its complexity. 
According to Abdellatif (1968) practically no othe~ trace element 
exceeds Cu in the diversity of the factors which gCvern its absorp-
tion, eAcretion C!nd utilization. This is '.:learly demonstrated by 
Suttle (1974a) who pointe~ out that diets of similar Cu content may 
produce clinical symptoms in sheep of either deficie;}cy 0;:- toxicity. 
The predominant reason for this complexity is the effect of other 
substances, mainly other minerals, on the Cu metabolism in the animal. 
It has b~en shown that minerals such as Mo, S, Ca, Zn, Fe, Mn, Cd, 
Hg, Ag, Pb and Se can all influence Cu metabolism, either dir~ctly · 
or by affecting other minerals antagonistic to Cu in the body of 
the ruminant (Dick, 1954; Tillman, 1966; Hill &: Hatrone, 1970; 
Awad, Ahmed, LotH &: Fahmy, 1973; Bremner &: Davies, 1973; Davies, 
1974; Underwood, 1977). Consequently, no precise requirement of 
Cu by the rumi~ant can be assigned and a study of Cu metabolism 
cannot be done without considering the factors interacting with Cu 
(McDonald, 1970). 
Dick (1954) managed to keep sheep in a positive Cu balance at Cu 
intakes as 1m., as 1,0 mg/day. However, an intake of 0,5 mg Mo/day 
changed this positive retention into a negative Cu balance. Suttle, 
Field &: Barlow (1970) under their experimental conditions calculated 
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the minimum Cu requirement to be 2 mg/sheep/day, while Suttle & 
-Field (1974) estimated an endogenous Cu loss in ewes of 0,23 mg/day. 
Under so-called "natural conditions" the gross Cu requirement of 
sheep was calculated to be 3,85 mg/sheep/day or 7 mg/kg dry feed 
(Murty, 1957), 4,4 mg Cu/sheep/day (Abdellatif, 1968) and 4,1 mg 
Cu/s~eep/day (Suttle, 1974a). The ~mc standa~ds of feed 
requirements for sheer (1975) accepted a level of 5 mg Cu/kg dry 
feed as being adequate for sheep. However~ many cases of Cu 
deficiency disorders in cattle and sheep are quoted where the dietary 
Cu intakes of the animals appeared to be adequate (Mills, 1954; 
Russell & Duncan, 1956; Underwood, 1977). On the other hand, Cu 
toxicity symptoms have been reported in sheep receiving rations 
containing 7 to 11 mg Ca/kg DM (Todd, 1969). The NRC standards 
for sheep (1975) considered a Cu concentration of above 8 mg/kg 
DM as potentially toxic to sheep. 
Wb~n administered in high doses, Cu can be an acute poison (Theiler, 
1912; Ishmael, Gopinath & Hov]ell, 1971a ; Case, 1974). More 
commonly recorded though is the problem of the so-callec "chroni~ eu 
toxicity," characterised by a period of passive accumulation of Cu 
in the tissues dl:dng which time the animal exhibits no symptoms of 
toxicity. 'i'his is followed by an acute stage, referred to as the 
haemolytic crisis (Van Adrichem, 1965; Todd, 1969; Harker, 1976). 
The accumulation of Cu in the liver can continue for periods of a 
few weeks up to several years before the haemolytic crisis is 
experienced (Marston & Lee, 1948; MacPherson & Hemingway, 1965). 
Of farm animal species, the sheep is the most susceptible to Cu 
toxicity (Todd, 1969; Ammerman, 1970; Underwood, 1977). Most 
cases of death due to high Cu intakes have been reported in mature 
sheep (Edgar, Hindmarsh, Keast & Rose, 1941; Todd, 1969; Bath, 1979). 
Although occasional reports of Cu toxicity in mature cattle have been 
reported (Todd & Gracey, 1959), it is generally accepted that cattle 
are far more resistant to Cu toxicosis than are sheep (Cunningham & 
Hogan, 1959; Todd, 1969; Underwood, 1977). 
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It was demonstrated by Bremner & Dalgarno (1973) that the availability 
' of dietary eu to preweaned calves was 50%. In the case of lambs 
Suttle (1975a) found it to be an even higher 71% but that this level 
dropped to 10,8% five days after weaning. This confirms the repo~ts 
that young calves are almost as susceptible to eu toxicity as are 
sheep (Shand & Lewis, 1957; Todd, 1969). Differences in susceptibility 
to eu toxicity have b~ep observed between sheep breeds, with British 
breeds being more susceptible than the Meriuo (Edgar et al., 1941; 
Marston & Lee, 1948). , 
The li~er has been shown to be the al~ost exclusive site of eu 
accumt:lation in the body (Dick, 1954), thus eu concentrations here 
have proved to be a good indicator of the eu status of the body 
(MacPherson & Hemingway, 1965; Ross, 1966). Although the retention 
of dietary eu in ' the liver is low, usually less than 5% of total eu 
intake, the accumulation was found to be linearly related to eu 
itltake (Dick, 1954; Hemingway & MacPherson, 1967). The length of 
this passive stage of eu accumuldtivn in th~ li.ver will depend on 
the level of eu taken in, the period of its consumption and the 
presence of factors which interfere with eu utilization in the sheep. 
The haemolyt{c crisis stage of eu toxicity has been variously 
observed at eu concentrations ranging trom 1100 to 6530 mg Cu/kg 
dry liver (Ogilvie, 1954; Clegg, 1956; Pearson, 1956; Bracewell, 
1958; Gracey & Todd, 1960: Hill & Williams, 1965; MacPherson & 
Hemingway, 1965; Ishmael, Gopinath & Howell, 1971b). Dalgarno & 
Mills (1975) stated that they had observed deaths due to Cu toxicity 
at Cu levels in the liver of 700 mg/kg DM. They pointed out that 
significant risk may exist when hepatic Cu e~ceeds 1000 mg/kg DM. 
Case (1974) and Harker (1976) considered Cu levels of 500 mg and 
600 mg/kg dry liver respectively, indicative of potential toxicosis. 
Any stress on the sheep such as starvation, change in environment, 
transporting or excessive handling may bring about the haemolytic 
crisis (Todd & Thompson, 1963; Ross, 1964, 1966; Adamson, Valks, 
Appleton & Shaw, 1969; Bath, 1979). Usually only a small propor-
tion of a flock succumbs to the di.sease. Bracewell (1958) reported 
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24 such deaths out of 720 ewes; Pierson & Aanes (1958) 90 out of 
·1500 ewes; Kowalczyk, Pope, Berger & Muggenburg (1964) 9 out of 300 
sheep and Adamson et a1. (1969) 3 out of 170 sheep. The wide varia-
tion in liver Cu concentration of sheep having the same Cu intake 
can probably explain this low proportion of deaths observed (Todd, 
Grac~y & Thompson, 1962; Todd, 1969). 
Typi~a1 s~~ptoms observed in sheep during the haemolytic crisis include 
the following: the animals refuse to eat, are reluctant to move, 
become dull, the mucous membranes appear jaundiced, the urine is r~d­
brown a::1.d the faeces brown, soft and !Jticl:y (Eden, 1940; Bracewell, 
1953; Pierson & Aanes, 1958; Van Adrichem, 1965) A post-mortem 
reveals the carcass to ~e jaundiced with the fat and skin a deep 
yellow; the liver is enlarged, yellow and friable; the kidneys are 
enlarged through engorgement with blood and have a black metallic 
sheen very typical of Cu toxicity. Also the spleen is enlarged and 
the bladder contains dark coloured urine. Quite frequently the 
animals which died of Cu toxicity were othE'.Iwi"'e in excellent 
nutritional condition (Ogilvie, 1954; Clegg, 1956; Pe~~son, 1956; 
Bracewell, 1958; Barden & Robertson, 1962; Adamson et al., 1969; 
Todd, 1969). 
Marked histological changes have been o~served in the li~er and 
kidneys of sheep which had experienced a haemolytic crisis (Pearson, 
1956; Bracewell, 1958; Ishmael et al., 1971b; Gopinath, Hall & 
Howell, 1974). The most characteristic biochemical change during 
the haemolytic crisis was elevated renal Cu levels (Todd et al., 1962; 
Ross, 1964), ranging from 100 to 500 mg Cu/kg ·DM at the crisis, as 
compared to normal kidney Cu levels of below 30 mg/kg DM (Ogilvie, 
1954; Gracey & Todd, 1960; Todd et al., 1962; Ishmael, Gopinath 
& Howell, 1972). Blood and plasma Cu concentrations, haemoglobin 
and methaemoglobin levels showed steep increases during the crisis 
though haemoglobin and methaemog1obin levels decreased after 2 to 
3 days (Marston & Lee, 194·8; Gracey & Todd, 1960; Todd & Thompson, 
1963; MacPherson & Hemingway, 1969; Ishmael et al., 1972). The 
glutathione levels in blood dropped to less than 10% of the pre-
crisis levels (Todd & Thompson, 1963). 
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Dramatic increases in the levels of the serum enzymes GOT, GPT, LDH 
and arginase during the haemolytic crisis were repori..ed by Todd & 
Thompson (1963), Ross, (1964), Van Adrichem (1965) Ross (1966), Hogan, 
Money & Blayney (1968) and MacPherso;1 & Hemingl.;ray (1969). In fact, 
the GOT, LDH and arginase levels in the serum started to incre~se 
about six weeks i)efore the onset of the crisis and have been used 
successfully as indicators of an approaching crisis (Van Adrich~m, 
1965; Ross, 1966). 
Death may occur within hours after the appearance of the fi=st 
symptom~ of the haemolytic crisis (Edgar et al., 1941; Cl~gg, 1956). 
More commonly though,the illness results in death two to four days 
after the onset of the crisis (Bracewell, 1958; Todd, 1969). Some 
sheep,however,may survive one or even more crises in succession 
(Marston & Lee, 1948). 
Oc~urre~ce of Cu toxicity 
a) Natural conditions 
In Australia a disease in sheep, Toxaemic jaundice, was ~roved to 
be due to chronic Cu toxicity. One form was the result of high Cu 
intakes through plants containing high concentrations of Cu. ~nother 
form was observed in sheep consuming plants containing normal levels 
of Cu, but very low levels of Mo. A third form, hepatogenous 
chronic Cu toxicity was the result of the consumption of plants con-
taining hepato-toxic alkaloids, which damage the liver cells, leading 
to an excessive accumulation of Cu in these cells (Russel & Duncan, 
1956; Todd, 1969; McDonald, 1970; Underwood, 1977). 
Post-mortem symptoms of the disease, enzootic icterus ("geelsiekte") 
prevalent in the Karoo region of South Africa, were found to be very 
similar to those of Cu toxicity after the haemolytic crisis (De Kock, 
1928; Brown, 1968). Cu concentrations of between 20 and 1400 
mg/kg DM were measured in the livers of healthy sheep from this area 
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(Erasmus, 1970). However, Brown had previously (1968) concluded, 
after extensive studies, that no finality with regar~ to the role 
of Cu in this disease had been reached. In a review and summary 
of the problem Bath (1979) pointed o'-,t that enzootic icterus is 
in fact a form of chronic Cu toxicity and affected sheGp reacted 
favourably to Mo treatment. Bath (1979) showed that although the 
Cu content of the herbage in the Karoo is fairly low, ~he Mo levels 
are exceptionally low (<:1 mg/kg DM). Critically high liver Cu 
levels in sheep are normally only observed at a relatively old age. 
Any further stress, however, such as a drought (especially if combined 
with poor veld management practices) other disea~el'; (such as "Geel-
dikkop") or transportation of sheep, can trigger off the haemolytic 
crisis. 
b) Pig feeds and slurry 
Incidences of Cu toxicity have been reported in sh,:ep and cattle 
fed on pig rations containing high levels of CuS0
4
, a growth stimulant 
for pigs (Pearson, 1956; Todd & Gracey, 1959). \:here hay from 
pastures previously sprayed with pig slurry rich in Cu, has been fed 
to sheep or where the sheep have grazed such p~stu~e~ directly, deaths 
due to Cu toxicity have been known to occur (Loosmore, 1969; Van 
Ulsen, 1972). Cu at levels per kilogram DM of 643 to 1575 mg 
(Batey, Berryman & Line, 1972), 737 mg (Dalgarno & Mills, 1975), 
22 to 636 mg (Pearce, 1975) and 325 mg (Kneale & Smith, 1977) were 
measured in pig slurry intended for application to pastures. The 
contamination of the herbage with Cu due to slurry adhering to the 
leaves after application (Batey et al., 1972; Dalgarno & Mills, 1975; 
Suttle & Price, 1976; Kneale & Smith, 1977) or from soil dust during 
harvesting (Da}garno & Mills, 1975) resulted in high Cu consumptions 
by the animal. This, rather than an increase in the CU content of 
the herbage itself is apparently the main source of the CU consumed 
(Batey et al., 1972; Kneale & Smith, 1977). 
c) Poultry manure 
A high level of CuS04 is sometimes included in broiler diets to act 
as a growth stimulant (Smith, 1969) or as an antifungal agent 
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(Suttle, Munro eSc Field, 1978). Exceptionally high levels of Cu 
have been observed in the excreta of birds receiving additional 
CuS0
4
, ego 293 to 368 mg/kg air dry litter (Fisher, Wise eSc Filmer, 
1972) and over 600 mg Cu/kg fresh li~ter (Fisher, Laursen-Jones, 
Hill eSc Hardy, 1973). Cases of mortality in sheep due co Cu toxir.ity 
after consumption of rations containing poul t ry manure high in Cu 
were reported by Fontenot, Webb, Libke eSc Buehler (1971) and Weob, 
Phillips, Lib~e, Harmon eSc Fontenot (1973). 
d) Intensive rearing of sheep 
The occurrence of Cu toxicity where sheep are fed concentrated rations 
has been reported and described as one of the major hazards in 
intensive rearing of sheep (Wensvoort eSc Hoskam, 1962; Koopman, 1963; 
Ross, 1966; Todd, 1969, 1972; Bremner, Young eSc Mills, 1976; Harker, 
1976). Hogan et al. (1968) observed the death of ewes afte~ 15 
mo~ths on ration~ containing less than 9 mg Cu/kg DM; Adamson et al. 
(1969) 1n sheep on ration~ containing less than 20 mg Cu/kg OM and 
Todd (1969) in lambs at Cu intakes of 6 to 11 ~lg/kg OM. Bracewell 
(1958) reported 24 deaths out of 720 ewes fed a ration containing 
43 mg Cu/kg mi. 
The inadvertent inclusion of Cu, ego through mineral supplements, 
anthelmintics or contamination in the pelleting of rations, can 
increase the Cu content of the ration (Todd, 1969). Harker (1976) 
pointed out that a Cu content of less than 12 mg Cu/kg OM is rarely 
attained in concentrate mixtures unless special precautions are 
taken in ration formulation. Protein . concentrates are usually 
relatively higll in Cu (Van der Berg eSc Van der Schee, 1973). Todd 
(1972) found low levels of Cu in barley and oatmeal; these feeds 
also contained exceptionally low levels of Mo. Low Mo and also 
low S levels in some concentrates have been suggested as important 
contributing factors to Cu toxicity observed in sheep on high 
concentrate rations (Suttle, 1974c; Thornton, 1974). 
lO 
e) Incidental contact 
Deaths have occurred iI~ sheep which have inadvertently come into 
contact with copper containing compounds such as in pastures which 
have been treated with molluscicides for the control of liver fluke 
(Gracey & Todd, 1960) or which are in fallout zones near copper 
smelters (Case, 1974) or which are iaterplanted in orchards or vine-
yards where copper fungicides are used (La~enetre, Mvateil and 
Galtier, 1935; Ogilvie, 1954). 
Cases oi chronic eu toxicity have also bel'!n reported where .sheep 
consumed mineral supplement mixttlre~ high iLl Cu (Clegg, 1956; 
Pearson, 1956; Kowalczyk, Pope & Sorensen, 1962) and in calves 
receiving copper-supplemented milk substitutes (Shapd & Lewis, 1957; 
Dirksen & Hofmann, 1974). 
McDonald (1970) mentioned that in certain areas of Australia the in-
clusion of CuS0
4 
in f~rtiliser to prevp.nt ru deficiency in pastures 
has been taken to such a point that Cu toxicity in grazing stock h~s 
now become a risk factor. 
Control of CU toxicosis 
a) Prevention 
The most obvious approach in minimizing the risk of Cu toxicosis 
in sheep would be to keep Cu intakes as low as possible. This can 
be achieved by preventing sheep from consuming Cu-containing feeds 
such as contaminated orchard grass, pig feeds ' and mineral licks that 
are high in Cu, etc. Through control and pasture management sheep 
can be prevented from grazing pastures contaminated with pig slurry 
rich in Cu; cattle can be grazed under such conditions instead of 
sheep (Price & Suttle, 1975). To compile a concentrate ration 
low in Cu is difficult (Adamson et al., 1969; Harker, 1976) 
though Van der Berg & Van der Schee (1973) maintained that it is 
possible to produce a concentrate mixture of approximately 10 mg 
Cu/kg feed when the ingredients are properly chosen. 
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Where Cu has accumulated in the livers, the control and prevention 
of stress becomes important. Conditions such as insufficient feed, 
poor pasture management, the occurrence of other diseases or the 
transporting of sheep Iuust be avoided to prevent the onset of the 
haemolytic crisis (Bath, 1979). 
The prevention of the acc~mu1ation of Cu in the liver through manage-
ment is not always possible and ()th t~r prophylactic measures have to 
be relied upon. These Qeasures are usually based on factors antago-
nistic to Cu in the body. 
b) Factors interfering with Cu metabolism 
The complexity of Cu metabolism in the body is mainly the result oi 
factors directly interfering with eu metabolism or antagonistic to 
those factors interfering with Cu. These interact~ons may occur at 
anyone (or more) of the essential loci, ego during gastro-intestinal 
or cellular absorption, in transport proteins or storage compounds such 
as cellular structur«l proteins. Excessive concentrations of one 
element within the ceil may a1~o prevent tee effective utilization of 
another element in essential biochemical processes (Davies, 1974). 
Tillman (1966) summarized the interactions involved in Cu metabolism 
as follows: 
a) Cu is required for the efficient met~bo1ism of Fe; 
b) Cd and Ag increase the severity of Cu deficiency; 
c) high dietary Zn reduces Ever stores of Fe and Cu while low Zn 
favours excessive storage of Fe and Cu; an excess of Cu causes 
low storage of Zn ; 
d) Mo limits the Cu storage in the presence of adequate sulphate. 
In order to explain some of the interactions in the body, Hill & 
Matrone (1970) proposed that "those elements whose physical and 
chemical properties are similar vli1l act antagonistically to each 
other bio1ogicallyll. The mutual interactions occurring in biological 
2+ + 2+ 2+ 
systems between Zn ,Cu, Cd and Hg illustrate this hypothesis 
(Hill & Matrone, 1970; Bremner & Davies, 1973; Davies, 1974). 
However, there are biological antagonisms involved in Cu metabolism 
which do not fit this chemical scheme, ego the effect of Mo plus S 
on Cu or that of Ca on Cu, the so-called non-competitive interactions 
(Davies, 1974). 
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Examples of interactions have been observed in practice or under 
experimental conditions. Additional Zn and Fe were, for instance, 
required in pig rations high in CUS0
4 
to prevent deficiencies of 
these minerals due to the presence of the Cu (Suttle & Mills, 1966). 
Reduced hepatic Cu concentrations h~ve been observed with high intakes 
of Fe (Abdellatif, 1968j Standish, Ammerman, Simpson, Neal & Palmer, 
1969) and Ca (Kirchgessner & Grarsmann, 1970). 
Various workers have reported reduced hepatic Cu concentrations in 
sheep and pigs when the prote~n lev~ls of their rations were increased. 
Also differences in eu reten t:ior~ were reco ..-ded when different 
sources of protein were fed (MacPherson & Hemingway~ 1965; Combs, 
Ammerman, Shirley & Wallace, 1966; Goodrich & Tillman, 1966; 
O'Donovan, Spillane & O'Grady, 1966). However, Todd (1969) pointed 
out that different levels of Mo and S in the diets could explain 
some of the differenc2s observed. In raising the level of protein 
in a ration the S intake can normally be expected to rise because of 
the increased intake of the S-amino-acids. 
c) Molybdenum and sulphur 
The most widely used method to control Cu toxicosis in sheep is the 
feeding of Mo plus S. Comp=ehensive studies in Australia on this 
problem of Cu toxicity in sheep culminated in the publication by 
Dick (1954) which indisputably established proof of the role of Mo 
in the presence of s042-on Cu metabolism in sheep. Since this 
report by Dick (1954), various recommendations for treating and 
preventing Cu toxicosis have been published. A summary by Pope 
(1975) of these, is given in Table 1.1. 
h 2-T e wide variation in levels of Mo and S04 recommended, is 
obvious from the table. Under experimental conditions where 
intakes were controlled, Wynne & McClymont (1956) reported the 
Table 1.1 Methods of treating or preventing eu toxicosis in 
sheep (after Pope, 1975) 
Treatment or prevention 
Drenching 
100 mg NH4 Mo + 1 g Na2 S04 
in 20 cm3 H
2
0/day/lamb 
* 50 - 500 mg NH4 Mo + 0,3 - 1 g 
thiosulphate/sheep/day 
. Ferti lizing 
Mo (38 g /hectare) + superphosphate 
In salt lick 





dissolved in 7,57 dm
3 









100 mg NH4Mo and approx. 15 g Na2 
SO 4/head) 
3 + 18,9 dm H
2
0, sprayed on hay 3 weeks 
* 100 mg NH4 Mo + 1 g Na2 S04/0,45 kg of 
pellets/ lamb/ day 3 weeks 
2-/ 38mg Mo + 5,2g S04 day supplied in pelleted 
rations 15 months 
* Molybdate 
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development of hypocuprosis expressed as low hepatic Cu levels, 
hypocupraemia, hypochromatrichia and dystrophic wool. This was 
observed at a dietary Cu level of 5,2 mg together with 5,14 mg Mo 
2-and 0,4% S04 supplemented to the feed. Marci1ese, Ammerman, 
Valsecchi, Dunavant & Davis (1969) observed at an intake of 13 mg 
2-Cu, 50 mg Mo and 0,4% S04 daily that liver Cu concenLrtltion~ in 
sheep dropped from 1151 to 301 mg/kg DM, accompanied ~y an impair-
ment of caeru10p1asmin synthesis. Van der Berg & Van der Schee 
(1973) reported that the liver Cu concentration w&s 372 mg/kg DM 
in sheep receiving 25,4 mg Cu and 22 mg Mo as compared to liver Cu 
levels of 1559 mg/kg DM in the control without M.o. 
Harker (1976) reported a 40,1% reduction in liver Cu when 7,7 mg 
Mo + 0,42% S042- was supplied to sheep receiving 24,4 mg Cu/day. 
These few examples demonstrate not only the value but also the 
major hazard in the use of Mo as a prophylactic measure against Cu 
toxicosis. In sheep, molybdenosis is usually exp-essed in the form 
of hypocuprosis. In fact, Suttle & Field (1968) pointed oue that 
the chcice between molybdp-nosis or induc~d hypc~upcosis as a descrip-
tion of the syndrome produced with Mo and S04
2
- supplementation in 
sheep must remain an arbitrary one. Symptoms COIIOC'1ly ascribed to 
molybdenosis ~ ~ as reported in cattle, viz. diarrhoea, anorexia 
and loss in body mass, are usually not observed in sheep, even when 
grazing the same pasture (Cunningham & Hogan, 1959; Underwood, 1977; 
Ward, 1978). It is generally accepted that sheep are far more 
tolerant of high Mo intakes than are cattle (Bingley, 1974; Case, 
1974; Underwood, 1976). 
Mo metabolism and toxicity in ruminants have been reviewed recently 
(Underwood, lS76, 1977; Ward, 1978). Relevant sections of this 
vast and complex field will be discussed in subsequent chapters. 
Although the value of Mo + S in the control of Cu toxicity is well 
established, caution is still necessary in their use, because of the 
danger of induced Cu deficiency. Mills (1974), Bremner et al.(1976) 
and Harker (1976) emphasized that Mo may be included in the diet only 
with due regard to the daily Cu intake. Harker (19 1 6) pointed 
out that Mo cannot be reco~~ended for general use until further 
research has established safe levels of Mo with regard to actual 
Cu content of the feed. The problem as defined by Huisingh, 
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Gomez & Matrone (1973) is that the e ffect of anyone of the 
elements Cu, Mo or S is dependent on both the previous and present 
dietary levels of the other two elements. Combined with this is 
the problem of establishing the Cu status of the animal (Bremner 
& Marshall, 1974). Although the 1h-er Cu level is a reliable 
indication 0f the Cu status of the sheep (MacPherscnl & Hemingway, 
1965; Ross, 1966) the animal has to be slaughtered to obtain this 
information, or liver biopsies have to be done. Hogan, Money & 
Walker (1971) observed a uniform distribution of Cu in the livers 
of mature sheep, while Barden & Robertson (1962) had previously 
measured fairly large variations in Cu concentraticn at different 
sites on the liver containing high levels of Cu. A non-uniform 
distrib11tion vf liver Cu would reduce the v~lue of liver biopsies. 
However, biopsy samp 1es sl~.)u 1d s ti 11 provide a reasonab ly good 
indication of the Cu level of the liver at high Cu concent r ations. 
Plasma Cu levels in sheep usually remain within the normal range 
of 0,7 to 1,2 mg Cu/dm
3 
(MacPherson, Brown & Hemingway, 1964; 
Claypool, Adams, Pendell, Hartmann & Bone, 1975). Even at high 
Cu intakes, these levels were maintained up to the onset of the 
haemolytic crisis stage of Cu toxicity. Therefore, except under 
conditions of Cu deficiency where low plasma Cu concentrations 
could be associated with low liver Cu levels (MacPherson et al., 
1964; Claypool et a1 ., 1975), plasma Cu concentrations are of 
no value as indicators of the Cu status of the animal. 
By following changes in serum enzyme levels Van Adrichem (1965) 
and Ross (1966) were able to estimate the onset of tissue break-
down due to Cu accumulation in the body. Mo treatment could be 
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started with the use of this information. However, Todd et al. (1962) 
observed that once the clinical symptoms of the haemolytic crisis 
occurred, the illness was so acute that recovery after treatment with 
Mo did not always occur. 
Miltimore & Mason (1971) concluded from their observations and 
analyses of feeds that the risk of Mo toxicity in cattle was high 
if tile diets contained a Cu : Mo ratio of less than two. Case (1974) 
quoted a Cu : Mo ratio of 7 : 1 as the safest level .for cattle rations 
while Alloway (1973) and Pope (1975) considered Cu : Mo ratios of 
5 : 1 as physi;)logically desirable for sheep. 
d) Mechanisms of Cu, Mo and S interactions. 
The mechanisms of the metabolic interactions between Cu, Mo and S 
are largely speculative, especially at blood and tissue levels. 
Vdrious proposals and possible mechanisms have been put forward 
(Huisingh et al., 1973; Suttle, 19740; Di~k, Dewey & Gawthorne, 
1975; Huisingh & Matrone, 1976). In general, the evidence suggests 
that interactions exist bet'veen Cu, Mo and S and also between Cu 
and S, between M~ and S and possibly between Cu and Mo. Dick (1954) 
concluded frou, his studies tr'::lt the reaction bet",een Cu and Mo '-las 
2-only possible in the presence of dietary S04 Dick (1956) 
prc?osed the blocking of Cu transport across membranes by Mo and 
S04
2
- as the mechanism involved. Under in vitro conditions Dowdy. 
& Matrone (1968) observed the formation of an insoluble Cu - Mo 
complex similar to the compound lindgrenite. It was suggested that 
this compound is absorbed, transported and excreted as a unit from 
the body (Dowdy & Matrone, 1968; . Huisingh !:.t al., 1973). Hmvever, 
Suttle (1974b), Smith & Wright (1975a) and Huisingh & Matrone (1976) 
expressed doubts about the existence of such a complex under in vivo 
conditions. 
Suttle (1974b) and Dick et al. (1975) suggested the formation of 
cupric thiomolybdate complexes in the body as one possible mechanism 
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of the Cu - Mo - S interaction. Dick et al. (1975) proposed the 
, formation of thiomolybdates in the digestive tract between sulphide 
and molybdate. These are suggested to bind Cu to form insoluble 
cupric thiomolybdates, thus limiting the absorption of dietary Cu. 
Fisher & Clawson (1976) argued that the complex formed,should rat~er 
be cuprous ammonium thiomo1ybdate. Dick et a1. (197)) proposed 
that the unbound thiomolybdate can be absorbed and mobilize tissue Cu 
in the body which could be excreted through the urine. This theory 
was supported by Gawthorne & Nader (1976) who observed the formation 
of di-,tri-, and tetrathiomo1ybdates in the rumen. 
Elevated concentrations of plasma Cu have been observed at high 
dietary Mo intakes. This was attributed to an increase in so-called 
"direct reacting" Cu (DR Cu, i.e. plasma Cu soluble in diethyl 
dithiocarbamate) and to a fraction called "residual Cu" 'Hhich is also 
TCA-inso1ub1e (Smith, Field & Suttle, 1968; Suttl.-' & Field, 1968; 
Bingley, 1974; Smith & Wright, 1975 a,b). This is accompanied by 
elevate~ kidney Cu levels and an increased urinary eu excretion 
(Dick, 1956; Marcilese, Ammerman, Valsecchi, Dunavant & Davis, 1970). 
The existence of these foreign Cu-Mo complexes in ::p_~ blood was 
described by Suttle (1974b) as being true systemic effects of the 
Cu - Mo - S interaction, though the relative. importance of these systemic 
effects was considered as rather small (Suttle, 1975b). He also 
proved that organic S was as effective in the Cu - Ho interaction as 
inorganic S in the form of S042- • 
The depressing effect of S on hepatic Cu content, independent of Mo, 
was observed by ~iynne & McClymont (1956), Goodrich & Tillman (1966); 
Boyazoglu, Barrett & Du Toit (1972), Huisingh et a1. (1973) and Suttle 
(1974c). Suttle (1974c) showed that organic and inorganic sources 
of S were equally effective in this interaction and claimed that those 
workers who did not observe a decrease in hepatic Cu content due to S, 
used less than 2 g S/kg feed. The formation of CuS in the digestive 
tract which is unavailable to the body, was suggested and proved to be 
the mechanism involved (Mills, 1960; Huisingh ~ a1., 1973; Suttle, 
1974 b.,c). 
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Intravenously injected S did not exert any effect on Cu metabolism, 
with or without Mo (Ma~cilese et al., 1969),suggesting that this 
interaction occurs in the digestive - tract. Suttle (1974c) stated 
that ttlcre was evidcnce that the critical site of CuS formation may 
not be the rumen but that it takes place lower down in the digestive 
tract. Huisingh & Matrone (1976) c1.lggested that the formation of 
CuS was the more significant route of rendering Cu Ul!.:lvailable in 
the rumen than the formation of Cu - Mo compounds. 
Two mec~anisms of interaction be~\leen Mo and S have been re~orted. 
Huisingh et al. (1973) and Huisingh & Matrcne (1976) pointed out 
2- 2-
that S04 and Mo04 are both tetrahedral anions with the same 
2- 2-charge. They proposed that both S04 and Mo0
4 
use the same 
carrier in an active tissue transport system, notably in the intes-
2-tinal wall and the kidney tubules. The p=esence of S04 would re-
duce the absorption 0t Mo from the digestive tract, leading to a 
2-drop in the Mo becombg availaole to the body. Excess S04 may 
also prevent the resorption of Mo through the kidney tubules, 
resulting in high~r Mo excretion rates in urine. 
Evidence for these pr~~osals is 3een in the d~creased Mo levels in 
tissues with the addition vf S to ration~ (uick, 1956; Cu~ningham, 
Hogan & Lawson, 1959; Vanderveen & Keener, 1964; Cook, Lesperance, 
Bohman & Jensen, 1966; Suttle, 1975b; Grace & Suttle,1979) and 
increased urinary Mo excretions (Dick, 1956; Marci1ese et al., 1970). 
Mason & Cardin (1977) shmved, with the aid of in vitro segment incu-
bation studi_es, that SO~- can inhibit. the uptake of MOO~- in various 
segments of the small intestine of sheep. 
Dietary Mo is also involved in the reduction of S042 - in the rumen. 
2- 2-
A rapid reduction of S04 to S was observed to take place in the 
2-rumen. A proportion of this S is absorbed through the rumen wall 
(Bray, 1969; Hume & Bird, 1970; Bryden & Bray, 1972). A sharp 
drop in S2- production in the rumen was experienced in the presence 
of Mo, apparently because Mo inhibited the ATP-sulphurylase system 
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of rumen sulphate-reducing bacteria (Bryden & Bray, 1972; Gawthorne 
. & Nader, 1976; Huisingh & Matrone, 1976). The addition of Mo to 
2-
a diet would therefore increase the S04 concentration of the ingesta 
which can again inhibit Mo absorption from the digestive tract (Gr ace 
& Suttle, 1979). Another action of Mo is to inhibit the rate of 
abscrpLion of S2- through the rumen \va11 (Gawt horne & Nader, 1976). 
The role of Mo in this ~rocess is apparently of a catalytic nature 
in which small quantities of Mo 
tion (Gawthorne & Nader, 1976).' 
2-
2-can block this pathway of S absorp-
whi~h rumina1 S concentrations 
inhibition of S2- formation from 
This will influence the rate at 
will decrease because of the 
2-
S04 • 
It is evident from the literature that quite a degree of uncertainty 
still exists regarding Cu metabolism in the interaction of eu with 
Mo and S in the ruminant. This is to be ·expected, considering all 
the other factors which can interfere with eu metabolism and the 
difficulty in monitoring the mineral status of the animal body. In 
many of the s:adies on the Cu -l'fo - S inter(.1.~ti(m, effects are over-
shadowed by the symptoms of the induced eu deficiency. AlthouSh a 
eu deficiency may be expected under natural conditions, high levels 
of eu intake by .:mimals may occur, or high . levels of eu accumulation 
in body tissue~ may have been reached before any measures were taken 
to prevent eu toxicity. The approach in the present series of trials 
was to follow the distribution of minerals in the body when eu de-
ficiency symptoms were not present. Semi-purified diets are usually 
used in trace mineral studies. This approach may be essential if 
consequences of interactions are investigated at low levels of mineral 
intake. However, nutrients present in normal livestock rations may 
be utilised differently from those in semi-purified diets. Practical 
farm rations were therefore used in these trials. The distribution 
of Zn and Fe in the body was also followed to obtain some information 
on these two minerals when the eu and Mo interactions were investi-
gated. Four trials were carried out in which different dietary 
levels of eu, Mo or S were supplied to sheep in order to obtain informa-
tion on the eu and Mo metabolism and the eu - Mo - S interaction in 
their bodies. 
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C HAP T E R 2 
MATERIALS AND METHODS 
GENERAL PROCEDURES 
ANIMALS AND MANAGEMENT 
a) Experimental animals and terrain 
South African Mutton Merinos, drawn from the flock of the Ukulinga 
Research Station, were used in Trials 1, 3 and 4. In Trial 2 
Corriedales were used. TIle latter type had been obtained from 
a farm in East Griqualand some six months before tne start of the 
trial. The she2p were grouped according to sex, where applicable, 
and such that all groups had the same numbers cf sheep and approxi-
mately the same total mass. Treatments were randomly alLocated to 
the groups. The sheep were identified with numbe~~d ear tags, 
a different colour for each treatment. The treatment groups were 
kept at TjKulinga Research Station in concrete floored pens partially 
covered with a lean-to roof. Ample feeding space was provid~d to 
reduce competition between sheep, by allowing each sheep unrestricted 
access to feed. 
b) Body mass and shearing 
The body mass '1f each sheep was determined at the onset of the tri.als, 
one day before slaughtering and at various stages during the trials. 
On every occasion feed and water -was wi thdra,vn for 18 hours prior 
to recording the body mass. The sheep were shorn 2 to 3 weeks before 
the onset of each trial. 
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c) Dosing and inoculations 
All sheep were dosed with anthelmintics before the onset of each 
trial. Faecal worm egg counts were done on r andom samples at 
various stages of the trials to monitor the level of parasitic 
infestation; no cases of parasitism were det(~eted. 
Before the onset of the trials the she ep were inoculated against 
black quarter, pulpy kidney, blue tongue and botulism. 
FEEDS AND FEEDING PROCEDURES 
a) Feeds, feed preparation and feeding routine 
In Trial I the sheep received long Eragrostis curvula hay and in the 
remaining trials milled veld hay (predominantly Themeda triandra) was 
fed. Hay from a single cut each year was 1JS ~J during a given experi-
ment. The daily hay allowance for a group was measure.d out and fed 
once a day in concrete feed troughs. Any left-overs were collected 
as necessary in nrder to determine total feed consumption. The hay 
was sampled regularly [or DM determinations, the samples being ground in 
a Wiley mill and stored pending chemica l analyses. 
Additional Cu, Mo and S, according to treatments, was supplied in 




O), ammonium molybdate 
((NH4)6M0702404HZO) and sodium sulphate (Na2S04 ) . The minerals were 
mixed, first in a small quantity of concentrates, using a dough mixer, 
then with the other ingredients of the concentrate mixtures in a 
500 kg feed mixer. Samples were taken from every mixed batch for D~l 
determination and further chemical analyses. Concentrate allowances 
for one or two weeks were measured out, from which the daily allowances 
per group were fed in PVC feed troughs. Concentrate consumption was 
always complete. Tap water l17aS supplied ad libitum in PVC troughs 
during the first two trials and in concrete troughs during the last 
two trials. 
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All sheep received a compound mixed vitamin A,D and E injection 
shortly after the onset of each trial. In Trial 4 a second vitamin 
injection was given towards the end of the trial. 
COLLECTION AND TREATMENT Of SAMPLES 
a) Slaughtering and processing of organs and tissues 
Sheep in the first three experiments were slaughtered at the 
Pietermaritzburg abattoir and those from Trial 4 at the Baynesfield 
Factory abattoir. Organs and tissues were collected as soon as 
possible after slaughter, placed in plastic bags, sealed Qud brought 
o 
to the laboratory cold room (-20 C). The fresh mass of the organs 
was determined usually within 4 hours after slaughter and after 
removing any adhering tissue including the gall bladder and any blood 
or fluid from the organs. Organs and tissue for DM determinations 
were dried in a forced draft oven maintained at 80 to 100
0 
C for 4 
to 5 days. The dried samples were f~nely ground and stored foe 
subsequent mineral analys~a. Care was taken t~ ensure that the 
samples were representative of the organs and tissues concerned. 
In the case of the liver, samples were taken randomly at various sites 
from the iiver. In Trial 1 V-shaped cros~-sectional kidney slices 
including both the cortex and the medulla were taken. Only kidney 
cortices were collected in Trials 2 and 3 while cortices and medullas 
were dried separately for analyses in Trial 4. Entire spleens and 
both testes, where available, were prepared for analyses. After 
removal of the trachea, a composite sample of lung tissue was taken 
and samples of ventricular cardiac muscle were collected after the 
removal of fat. A muscle sample of approxim<l.tely 5 em 3 was taken 
from the M. Longissimus dorsi in the area of the last rib, cleared 
from connective tissue and dried. In the case of the heart and 
muscle tissue, fat extraction with ether was necessary before analyses. 
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In Trial 4 samples from the livers (centre of right lobe) and the 
kidneys (cortex and medulla) ,.Jere collected and placed in 10% 
buffered formalin for histological evaluations. S.::..mples were 
b 1 3. . a out cm 1n S1ze. 
b) Blood 
Jugular blood samples, collected in the morning prior to feedi~g, 
were taken at regular intervals during all trials. If whole blood 
or plasma samples were required, saturated sodium citrate (3 drops/ 
10 cm 3 blood) was used as an antico[1.gulant. During blood col1ec-
tion ill th~ kidney clearance tests (Trial 4 ) heparin was used as 
the anticoagulant. 
c) Wool 
Wool samples from the one side of each sheep were ,-ollccted at the 
end of Trials land 4. Dirty tips were cut off before the wool was 
washed and the fat extracted. During ~irial L, th;:: clean, fat-free 
wool was teased, rinsed with distilled wate~ and dried before analyses. 
ANALYTICAL PROCEDURES 
GENERAL 
Glassware was acid-washed for mineral determinations and only 
distilled-deionised water was used in analyses. 
were of Analar grade whenever possible. 
DIGESTION OF SAMPLES FOR MINERAL DETERMINATIONS 
a) Dry ashing 
All reagents used 
The ashing of samples in a muffle furnace was done overnight at 
500
0 C. The ashed samples ,vere dissolved in 25% of V/V HCl and 
transferred through filter paper into volumetric flasks. 
24 
b) Wet acid digestion 
Wet ashing with concentrated acids was performed in 100 ml Erlenmeyer 
flasks on a sand bath. 





3 3 2,5 cm HCC1
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was omitted to prevent the formation of CaS0
4 
when 
samples containing high levels of Ca were digested . . 
The samples were left in the acid mixture at least overnight. This 
allowed for a preliminary digestion in the cold, thus decreasing the 
occurrence of excessive frothing and the loss of samples when heated 
up. Comp1~te acid digestion was found to be esserltial, pa'~tlcu­
larly so in the Fe and Mo determinaclons. The digested samples were 
transferred with distilled-deionised water into volumetric flasks. 
c) Dry versus wet ashing 
Differences betw~en mineral concentrations of duplicate samples 
tended ~o be greater ' in tte dry ashing than in the wet 'ashing method, 
though results were comparable. Since more s~mples could be handled 
per batch in the wet than in the dry ashing method, wet acid digestion, 
therefore, came to be the method of choice subsequent to the analyses 
of the st!rvey samples which were dry ashed. However, in the case of 
the hay samples low in Cu and Mo, larger samples per container could 
be more conveniently handled in the dry than in the ~olet ashing method 
and dry ashing was therefore used in most of the mineral analyses 
on hay. 
ANALYTICAL HE':'HODS 
a) Feeds and body tissue 
The Cu, Zn, Fe and }fJl content of feed , poultry manure and body tissue 
samples as well as the Ca, K and Mg levels in the survey samples 
were determined on an Atomic Absorption Spectrophotometer (Varian 
Techtron, Model 1000). 
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The P and Na contents of the survey samples were determined by flame 
emission and N by means of the Kjeldahl method (AOAC, 1965). The 
Ca, P and N levels of the feeds from the trials were analysed on an 
Auto Analyzer (Technicon Auto Analyze:r II). 
The method of Blanchar, Rehm & Caldwell (1965) was us~d to determine 
the S content of the feeds. 
The molybdenum-iron-thiocyanate method as described by Blamey (1971) 
'-.Tas slightly modified for the Mo dE:termination of feeds, ti.ssues and 
plasma. Tnese modifications consisted of : 
1. Acid digested samples lr7ere used subsequent to the survey. 
2. 
3 Ten cm of the 6,5 NHCL'FeC1
3 




of a 1 : 1 iso-amyl alcohol: chloroform mixtur~ were u~ed 
as the extrdctant instead of iso-am~'l alcC'hol and carbon tetra-
chloride. 
4. By centrifuging the stannous chloride reagent, it was found to 
be unnecessary to centrifuge the extractant contairling the 
coloured substance. The extractant ,,,as poured through medium 
to fast filter paper directly into the spectronic tubes. 
With each batch of body tissue a mixed poultry liver sample was used 
as a reference sample. With the feeds . a mixed concentrate sample 
served the same purpose. The chemical composition of these samples 
was accurately known. Standard reference mineral solutions (G.D. 
Searle, S.A.) were used in atomic absorption measurements. Working 
concentrations of such solutions were prepared by diluting the standard 
solutions with 0,1 N HCl in distilled-deionised water. 
b) Blood and urine 
The Cu concentration in plasma and serum was measured by atomic 
absorption spectrophotometry on samples diluted with 8% butanol 
in a '::l.tio of 1 : 2 (Suttle, 1974a). 
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Direct reacting Cu plus the standa~ds were analysed according to 
the method described by Suttle & Field (1968). 
Plasma Mo concentrations were determined according to the Blarney 
(1971) method, modified, as previ0tls1y described. 
The C~, Mg, Zn, Fe and K levels in serum were measured by atomic 
absorption spectrophotometry. 
The method described by Taussky & Shorr (1.953) was used to determine 
the inorganic P concentration in serum. 
Total serum protein and albumin, after pr~cipitation of gloc~lin, 
was estimated using the biuret method described by Cornelius & 
Karneko (1963). 
Packed cell volume (PCV) ~·!as determined by a micro-haemat.ocrit 
me~hod, and a Coulter counter was used to obtain red blood cell 
counts. Blood haemoglobin levels were assessed by means of the 
"Biochemica" test combination of Boehringer Mannheim. 
Boehringer Mannheim test combinations were also employed in the 
determination of serum glutamic oxalo-acetic . transaminase (GOT), 
serum lactic dehydrogenase (~DH). 
Plasma arginase was determined according to the method described 
by Schwartz (1971). 
The cadmium sulphate filtrate method as described by Smith (1956) 
was used to determine inulin in plasma and urine. 
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The picric acid method based on the "Jaffe reaction" was used in 
the determination of creatinine in plasma and urine on an Auto 
Analyser (Technicon Auto Analyzer II). 
The diacetyl-monoxime method as modified for an Auto Analyser was 
uSt:d to determine urea in plasma and urine (Technicon Auto 
Analyzer II). 
HISTOPATHOLOGY 
The routine nH::!thods of tissue preparJ.tiOll ~"ere carried out on 
tissue samples preserved in buffered formalin. Two staining 
techniques were used, viz. the Haematoxylin-Eosin and the "Periodic 
Acid Schiff" (PAS) methods (Humason, 1962). 
KIDNEY CLEARANCE PROCEDURE 
In general, the procedures as described by Smith (1956)a,ld Owen (1975) 
,,,ere followed to determine the kidney clearances of inulin, endogenous 
creatinine and endogenous urea. One ewe at a time was taken and 
after body maf:S was determinr;d, the ew'e was sedated with a general 
tranquillizer (acetyl promazine) according to prescription. This 
was considered to be essential preparation in view of the fact that 
stress can initiate the haemolytic crisis stage of Cu toxicosis in 
sheep (Todd, 1969). No feed was permitted but access to water was 
allowed prior to the measurement of kidney clearances. 
A Foley's balloon type catheter (12FG) was inserted into the bladder. 
A polythene catheter for blood collection was inserted in the right 
jugular vein, filled with heparin and secured to the skin. In the 
left jugular vein a polythene tube was introduced through a l5G 
needle. After the priming dose of inulin (40 cm 3 inulin solution 
of a 1,25 g inulin/50 cm3 stedle saline) was introduced through 
this tube, it was connected to a Unita II continuous infusion 
apparatus (B. Braun - Melsungen). Inulin at a concentration of 
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3,75 g/SOO cm3 sterile saline was infused i nto the sheep at a con-
stant rate of 1,5 to 2 cm 3/minute, depending on the size of the 
ewe. Urine collection started after at least 45 minutes of infu-
sion, to allow the inulin concentra tion in the blood to stabilise. 
Urine was collected for 20 to 3{) mL1Utes depending on urine flow. 
About 3 minutes before the end of the collection 10 or 20 cm 3 
distilled water (depending on ur~ne flow) was used to rinse the 
bladder. Blood was collected at the mid-poiut o'f each urine 
collection period and centrifuged immediately after collection. 
Four blood and urine collections 1ol~re mad ~ per clearance an·d 
sampl~s ,,,ere analysed for in.ulia, creatin:i.1e and urea. 
Calculation of renal clearance, ego inulin: 
= 
CIN = cleara~ce of inulin 
urN = urine con~entr~tion of inulin (mg/cm3) 
v = urine flow (cm3/minute) 
= plasma concentration of inulin (mg/cm3) (Smi th, 1956). 
STATISTICAL ANALYSES 
The F- and the Student's t-tests ,,,ere used to calculate the signifi-
cance of differences between treatments. Standard procedures to 
calculate regressions and correlations were employed (Rayner, 1967). 
In those instances where other statistical methods were used, the 
techniques applied are given in the relevant chapters. 
C HAP T E R 3 
A SURVEY OF THE 
POULTRY MANURE FROM 
MINERAL CONTENT OF 
SOUTH AFRICAN SOURCES 
INTRODUCTION 
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Poultry manure has been used successfully in South Africa as a 
bubstitute for more expensive protein sources in ruminant rations 
(Anonymous, 1960; Bishop, Wilke, Nash, Nell, MacDonald, Compaan, 
Grobler & Kingman, 1971; Van der Westhuizen & Hugo, 1972). Hmolever, 
little attention has been paid to the high mineral content of manure 
incorporated into ruminant rations, and cases of Cu toxicity in sheep 
have been reported in Natal due the the consumption of p~ultry 
manure containing high l evels of Cu. In order to obtain information 
regarding the mineral content of the poult~y manure in South Africa, 
poultry manure samples were collected from various poultry enter-
prises in the country. 
PROCEDURE 
On cequest by letter or through personal collection, representative 
samples of poultry manure were obtained from various poultry farms 
in South Africa. Details were requested for each sample regarding 
type of enterprise, housing and flooring, litter material used, 
period of accumulation, feed company supplying the ration, etc. 
This information was used in the classificat i on of the samples into 
groups. 
On arrival the samples were dried at 800 C , ground and stored, 
pending analysis. Chem{cal analyses using the methods described 
in Chapter 2 were done on these samples. 
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RESULTS AND DISCUSSION 
It was possible to group the poultry manure samples into three 
general classes, viz. pure excreta f rom birds in batteries, 
excreta from broilers in deep litter systems and excreta from 
pullet~ and breeders in deep litter systems. The mineral content 
of the poultry manure, as presented in Table 3.1 varied widely 
within classes, and there were also distinct differences between 
classes. The largest differences occurred between battery manure 
and broiler deep litter. Although the average mineral levels in 
~ullp.t/breeder deep litter samples were intermediate to those 
obtained for layers and broilers, the range of concentrations for 
the m~jority of minera ls in the pullet/breeder deep litter samples was 
wider than for the other two types, indicating that the pullet/ 
breeder samples were of more diverse origin. 
The high ash and mineral content of the manure samples given in 
Tdblp 3.1 clearly indicates that poultry manur.~ can be an excellent 
source of minerals for livestock. however, the wide variations 
observed even within samples of similar origin would be a major 
limitation complicating the proper formulation of rations, unless 
each batch of manure is individually analysed. When the mineral 
content of the manure samples is compa:..ed to the mineral require-
ments of sheep (Table 3.2) as quoted by Pope (1975) it is clear that 
the inclusion of poultry manure in the rations of sheep can supply 
significant amounts of required minerals. None of the trace ele-
ments, except Cu, was present in dry poultry manure at levels higher 
than the toxic amounts quoted by Pope (1975). The average correla-
tion for the three types of manure between ash and Ca was 0,74 and 
between ash and Fe 0,62. Most of the other minerals showed low but 
positive correlations with the total ash percentage. 
Copper 
The broiler manure could be divided into two groups: those samples 
with an average of 28 mg eu/kg DM, ranging from 5 to 52 mg/kg and 
















(N x 6,25) (%) 
Table 3.1 Mineral and protein conte>lt of poultry manure on a dry matter basis (Survey results) 
Pure battery manure (n" 8) 






























4,14 - 8,41 
I,ll - 2,30 
2,06 - 7,5S 
0,34 - 1,08 
1,00 - 2,62 
0,22 - 0,51 
0,47 - l,OS 
23 - 53 
246 - 661 
455 - 697 
0,36 - 1,84 
919 - 3259 
20,6 - 37,0 
19,0 - 12,7 
Broiler Deep Litter (:-.·12) 
































0,92 - 2,97 
0,51 - 1,89 
0,85 - 2,80 
0,36 - 0,70 
O,S5 - 1,43 
0,31 - 0,S6 
0,55 - 0,81 
5 - 570 
170 - 361 
290 - 595 
0,45 - 4,30 
506 - li603* 
9,1 - 30,0 
19,5 - 31,1 
* The value 17603 mg/kg Fe has been exc 1uded f~· O".ll ca1cu 1a tions. 
For the ~ame nutrient, values with the same superscripts a or d differ at P<O,05 
and b or c differ at P <0,01 levels of significance. 



































0,94 - 7,62 
1,25 - 2,08 
0,63 - 4,28 
0,34 - 0,94 
1,14 - 2,66 
0,16 - O,~.J 
0,30 - 0,85 
10 - 97 
208 - 484 
309 - 629 
0,41 - I,ll 
452 - 1784 
9,3 - 33,9 




Table 3.2 The minerals required by sheep (Pope, 1975) 
Major elements Trace elements 
Mineral Requirements Mineral Requirements Toxic amount 
% of OM mg/kg OM mg/kg OM 
Na 0,04 Fe 3u - 50 Unknown 
Ca 0,21 - 0,5? eu 5 8+ 
P 0,16 - 0,37 Mo 0,5 5 - 20 
Mg 0,04 .- 0,08 Mn 20 - 40 Unknown 
K 0,50 Zn 35 - 50 lOOO 
s 0,14 - 0,26 
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570 mg/kg. The high Cu levels in the latter group probably reflect 
the supplementation of SUS0
4 
as a growth stimulant or its inclusion 
as an antifungal agent in broiler rations. Fontenot et al . . (1971) 
reporteci sheep mortalities due to Cu toxicity from a ration contain-
ing 191 mg Cu/kg DM as a Tesult of the inclusion of broiler litter 
high in Cu. At the level of 424 mb Cu/kg DM in broiler litter, 
rations containing even fairly sm~ll propor tions of s~ch manure, 
may well result in final Cu levels which could lead to Cu toxicity 
in sheep. 
In South Africa a Cu cuncentration of 50 mg/kg manure is the maximl:m 
allowed for the registration of poultry manure as an animal feed 
(Denny, 1977). At this level of Cu, the inclusion of 10% of manure 
will be sufficient to supply the Cu requ i rements of sheep (Pope, 1975). 
Suttle & Price (1976) established that the Cu in poultry waste was 
biologically as avail<iole to sheep as I:he Cll in CuS0
4
. This is 
contrary to the claim by Lowman & Knight (1970). Suttle & Price 
(1976) suggestec the inclusion of Cu antagonists in r a tions contain-
ing dried poultry waste, espc~ially when rations contained cereals 
low in Mo. They bas t:d this recmmnendation on infomation gathered 
from Cu depletion-repletion trials, using low levels of Cu, small 
quantities of manure (5%) and semipurified diets. ,.;rhe ther any 
additional eu antagonists are ac ~ually required at higher manure 
intakes and normal feed ingredients, is debatable because of the 
high concentration of Cu antagonists such as Fe, Zn, Sand Ca 
already present in manure. 
Copper antagonists 
The S levels of the analysed samples were high, ranging from 0,30 
to 1,08% on a DM basis. Suttle (1974c) suggested that impairment 
of Cu metabolism due to S could be expected if rations contained 
more than 0,2% S. The contribution of poultry manure to the S 
content of mixed rations should in most cases be sufficient to obtain 
S levels of well above 0,2% and interactions between Sand Cu are 
therefore to be expected. 
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The Mo levels of the poultry manure samples were low except for one 
. sample with a Mo content of 4,3 mg/kg DM. Even though Dick (1954) 
observed that Mo at levels of 0,5 mg/day influenced the Cu metabolism 
in sheep, the effect of such low levels of Mo in rations high in eu 
content can be expected to be minimal. 
The Fe content of the poultry manure samples was very high. Pure 
batt~ry manure contained an average of 1576 mg Fe/kg DM. One sample 
with a Fe content of 1,7% was well above the level measured in the 
other samples and was therefore omitted from calculations. The Fp. 
levels in the samples compared well with Fe concentrations given in 
thc literature:, ego 630 mg/kg DM (Lowman & Knight, 1970), 2500 mg/kg DM 
(Jimenez, 1974) and 1660 mg/kg DM (Essig, 1975). The toxic level of 
Fe to sheep is unknown (Pope, 1975). At a level of 4 g FeS/ day Dick 
(1954) observed liver Cu concentrations in sheep of 90 mg/kg DM as 
compared to 222 mg/kg for control sheep not fed FeS. This reduction 
could have been due to both the Fe and the S present in FeS. 
AbdeJ.latif (1968) reported redu(;<!d liver CI~ concentrations at Fe 
intakes of 2,6 and 5,2g/sheep/day. Standish et al. (1969) observed 
decreased plasma and liver Cu concentrations in cattle at levels of 
Fe supplementatinn of 400 and 1600 mg/kg feed. At both these levels 
of Fe intake Standish et al. (1969) also observed decreased feed 
intakes and body mass gains. Lawlor, Smith & Beeson (1965) observed 
excessive diarrhoea in lambs consuming rations which contained 210 
and 280 mg Fe/kg DM. Mineral imbalances at these levels of Fe 
intakes were suggested as a possible cause of the diarrhoea. 
Although the Fe levels used by Dick (1954) and by Abdellatif (1968) 
were exceptionally high, it seems that the nOl~al levels of Fe in 
poultry manure may also reduce the availability of Cu to the animal. 
The practical significance of the interactions between Cu, Zn and 
Fe has been demonstrated by Suttle & Mills (1966) in pigs receiving 
high levels of CuS0
4 
as a growth stimulant. At lev~ls of 250 and 
425 mg Cu/kg feed, mild to severe symptoms of Cu toxicosis in the 
form of Zn and Fe deficiencies were experienced. With the addition 
of 150 mg Zn and 150 mg Fe/kg feed these Cu toxicity symptoms could 
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be overcome. Since Zn levels at 800 to 1000 mg/kg feed are safe 
for sheep the feeding of Zn as safe alternative to ~o has been 
suggested (Bremner & Davies, 1973; Mills, 1974). In 1954 Dick 
observed that 100 mg Zn/day signific~ntly reduced the hepatic Cu 
content of sheep from 207 mg to 148 mg. Similarly, Blemner et al. 
(1976) found the addition of 220 to 420 mg Zn/kg feed to be an effect~ve 
method of reducing the hepatic Cu retention in sheep. The presence 
of fairly high levels of Zn in poultry manure will therefore most 
likely influence Cu metabolism even when present in mixed rations. 
The Ca a.nd P levels in the survey samples correspor.3ed well with 
levels reported by Blair (1974) and ~y Emerson (1975). The average 
P percentages in Table 3.1 ~-lere slightly lower than the minimum 
values required by the Department of Agricultural Technical Services 
in South Africa for registration of poultry manure as a livestock 
feed, viz. a minimum of 2,0% for cage birds and 1,)% for broilers 
(Denny, 1977). Jimenez (1974) quoted Ca retentio~s in sheep of 88% 
and P retentions of 66%, from poultry l!!ant;re, Field, Munro & 
Suttle (1977) found the P in poultry manure to 0e readily available 
to sheep. However, Kirchgessner & Grassmann (1970) observed a 
decrease in hepatic Cu retention in cattle when Ca l~vels increased 
from 5 to 15 g Ca/kg feed. They ascribed this effect cf Ca on Cu 
as due to a change in rumen pH at higher Ca intakes, making Cu less 
soluble. Increased levels of Cu excretion in the faeces with 
increased Ca intakes were also considered by Suttle & Field (1970) 
as evidence confirming that Ca had a negative effect on Cu reten-
tion in sheep. Dick (1954) observed reduced Cu retentions in the 
livers of sheep receiving Ca in the form of CaC0
3 
(90 g/sheep/ day) 
but not when dicalcic phosphate was fed . The amount of Ca contri-
buted by poultry manure to a mixed ration will in most cases be 
more than the Ca requirements of sheep and may therefore also con-
tribute to antagonistic actions to Cu. 
Against the background reviewed it becomes clear that the composi-
tion of the overall ration may greatly modify the toxicity of a 
given mineral. Fox & Reynolds (1973) r ema rked that "an excess 
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intake of an essential nutrient ever the usually recognized require-
ment may be protective against a toxic element". While this finding 
is comforting from the point of view of practical animal production, 
it complicates efforts aimed at elucidating relationships between 
individual dietary minerals. The high concentrations of those 
minerals in poultry manure, anta5vni stic to Cu metabolism in 
ruminants, should be able to offer some protection a~ainst Cu 
toxicity. The magnitude of such effec ts will be difficult to 
establish because the metabolism of these minerals may in turn be 
influenced by the other minerals present in manure. 
On a r~lated matter Field et al. (1977) reported some evidence of 
urolithiasis in the sheep consuming poultry manure. The incidence 
of urinary calculi in sheep tended to increase at high P intakes, 
depending on the Ca content of the diet (Pope, 1975). The type of 
poultry manure, its level of inclusion in rations and other ingredi ents 
in the basic diet all go to determine the extent to which urolithiases 
will be ~ problem in Aheep consuming poult~y manure. 
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C HAP T E R 4 
TRIAL 1: THE INFLUENCE OF MO AND S ON THE CU METABOLISM Or SHEEP 
RECEIVING HIGH LEVELS OF CU AND BROILER LITTER IN THEIR 
RATIONS 
INTRODUCTION 
broiler littec as an ingredient of ratione may be potentially 
dangerous tb sheep because of the high Cu content in litter from 
some broiler houses (Chapter 3). In order to utilize this source 
of N in sheep nutrition, the thieat of CU toxicity has to be con-
tained. The combination of Mo plus S has long been used to control 
the accumulation of Cll in sheep livers (Dick, 1954). HG\yever, the 
da~ger of Mo toxicity exists, usually expressed in the form of an 
induced Cu deficiency, if Mo pluA S are given without caution 
(Harker, 1976). 
A trial was condt:cted to examine the influence of Ho and S on sheep 
receiving high l:evels of Cu in rations containing broiler litter. 
PROCEDURE 
Experimental animals·, treatment and procedure 
Forty S.A. Mutton Merino wethers, approximately two years of age were 
randomly allocated to five treatments, viz. it pre-experimental 
slaughter treatment (Pre-exp.), a control (Control), a high Cu (Cu), 
a high Cu plus high Mo (Cu + Mo) and a high Cu, high Mo and high S 
(Cu + Mo + S) group. The trial lasted 157 days. 
The groups received long Eragrostis curvula hay and a basic concen-
trate mixture consisting of 57% broiler litter and 43% maize meal. 
The broiler litter with wood shavings as litter material, obtained 
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frOl'U a commercial source, was sieved and mixed with the maize meal. 
The experimental routine as described in Chapter 2 was followed. 
At slaughter the livers, kidneys, spleens and muscle samples from 
the~. longissimus dorsi wer e collect ed and trea t ed as described in 
Chapte~ 2. Wool samples were taken f rom the side of the sheep for 
chen:i.cal analyses at <.:he end of the trial. 
Chemical analyses were comple ted according to the methods described 
in Chapter 2. The data obtained comprised the following: the Cu, 
Fe, Zn, Mn, S,Mo, Ca, P and crude prvteia levels of the feeds; 
the Cu and Mo content of serum, liver and wool; the Cu content of 
kidneys (representative samples from both cortex and medulla), 
spleen and muscle; the Fe and Zn levels of the liver, and the PCV 
of whole blood. 
RESULTS 
Feed intake and composition of rations 
The average hc!y intake ,va s 607 g DM and the conc entrate intake 654 g 
DM/sheep/day. The mean daily intake ~f broile r litter which con-
tained 23,5 mg Cu/k g DM and 0,59% S on a DM basis, was 373 g or 
29,6% of the daily mean DM consumption. The concentration of 
minerals in the total ration and the mineral intake/sheep/day are 
given in Table 4.1. Minerals potentially antagonistic to eu in 
the body, viz. Zn, Fe and Ca, are included in Table 4.1. The 
relatively high concentration of these minerals in the rations was 
partly due to the high content of these minerals in poultry manure. 
The average crude protein intake "laS 193 g / sheep/ day. 
Clinical condition 
No clinical signs of Cu toxicity were observed during the trial, 
nor did any other problems related to the feeding of the minerals 





Cu + Mo 
Cu + Mo + S 
Control 
Cu 
Cu + Mo 
Cu + Mo + S 
Total mineral intakes/sheep/day and average concentration of minerals in experimental rations 
(D M basis) 
Daily intake of minerals/sheep 
Cu Mo Zn Fe Mn S Ca P 
mg mg rng mg mg g g g 
17,0 0,48 ~3 .:..38 242 3,3 10,6 7,9 
75,4 0,53 80 434 254 3,4 10,8 8,2 
73,4 57,~ 96 457 271 3,4 11,7 8,7 
70,1 60,9 82 410 243 6,1 10,9 8,0 
Concentration of minerals 
mg/kg mg/kg mg/kg mg/kg mg/kg % % % 
13,5 0,38 66 348 192 0,26 0,84 0,63 
59,8 0,42 64 344 202 0.27 0,85 0,65 
58,2 45,72 76 362 215 0.'27 0,92 0,69 




without any differences between the groups (Table 4.2). At 
slaughter the mass of the fresh organs and the DM content of these 
organs did not differ significantly between treatments. 
the organs from individual sheep wit~lin treatments showed 
oedemic or other abnormal conditions. 
Minerals in body tissues and wool 
None of 
The addition of eu to the ration resulted in a highly significant 
increase in the eu content of livers (Table 4.3). Within the Cll 
group, liver eu concentrations rangc!d from 505 to 1388 mg/kg OM. 
The addition of Mo to the eu supplemented ration reduced liver eu 
levels by approximately 40% and the combination of Mo + S added to 
eu supplemented rations further decreased liver eu levels to values 
not statistically different from those of the controls. 
Th~ addition of Mo with or without S dramatically increased kid~ey 
eu leveis. Significantly higher eu levels wer~ also measured in 
the spleens of those groups receiving Mo or Mo + S as compared to 
the other treatments. 
The conccutrations of Mo, Zn and Fe in th~ liver and eu and Mo in 
clean, fat-free wool are given in Table 4.4. The addition of Mo 
to the rations resulted in significant increases in the liver Mo 
concentrations above those treatments without Mo. Additional S in 
the eu + Mo + S group did not change the Mo concentration of the 
liver significantly from the eu + Mo level. eu, Mo or S had no 
significant influence on the Zn and Fe levels of the liver. None 
of the differellces in eu or Mo levels of wool between treatments were 
statistically significant, mainly because of big variations in the 
eu and Mo levels within treatments. 
Blood analyses 
No significant differences in PCV were observed between treatments 
Table 4.2 Body mass and mass increase, fresh mass and dry matter percentage of organ:; at end of 
trial 
Final body mass (kg) 
Mass increase (kg) 
* 
Liver: 
fresh mass (g) 
,,< 
dry matter (%) 
Spleen: 
fresh mass (g) 
* dry matter (%) 
Kidneys: 
fresh mass (g) 
dry matter (%) * 





29,3 ± 0,27 
68,1 
22,0 ± 0,08 
111,5 





29,7 ± 0,35 
67,9 
21,9 ± 0,09 
104,9 
20,2 ± 0,21 
Treatments 




30,0 ± 0,46 
70,0 
22,2 ± 0,14 
101,8 . 
20,4 ± 0,28 




29,9 ± 0,31 
64,4 
22,0 ± 0,15 
101,6 




Table 4.3 The influence of Cu, Mo and S intakes on the accumulation of 






Total Cu content 
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Cu retention as 
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+ _ 2,03 
4 3
a 
+ ' _ 0,54 
6,7 









+ - 0,84 
5 4
2 
+ ' _ 1,30 
5,3 
+ _ 0,17 









+ - 14,98 
11 2b 
+ ' _ 1,51 
7,7 
~ 0,54 












+ ' ._ 1,62 
7,3 
+ _ 0,87 
* Minerals in tissues of pre-experimental slaughter group calculated using 
estimated tissue DM values. Data not included in statistical analyses. 
-!d( Different superscripts designate differences between treatment: averages: 
a - b and a - c at P<O,Ol; a - d at P <. 0,05 levels of significance 
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Table 4.4 The i::f1uence of Cu, Mo and S intakes on the concentra;:ion 
of Mo, Fe and Zn in the liver and Cu and Me in clean, fat-
free wool (+ SE of mean) 
Liver: 
Mo (mg/kg DM) 
Zn (mg/kg DM) 
Fe (mg/kg DM) 
Wool: (fat-free) 
Cu (mg/kg DM) 
Mo (mg/kg DM) 
* Treatments 
Control Cu Cu + Mo 8u + Mo + S 
a 
4,0 ± 0,23 a 4,3 ± 0,44 b 35,6 ± 3,67 b 39,5 ± 4,39 
115 ± 5, j' 112 ± 5,9 114 ± '7,8 111 ± 4,8 
240 ± 20,9 220 ± 20,5 195 + 18,0 208 ::': 12,9 
5,89 ± 0,41 6,13 ± 0,39 4,90 ± 0,45 5,11 ± 0,70 
0,87 ± 0,54 0,65 ± 0,36 2,05 ± 0,13 1,28 ± 0,40 
Different superscripts designate differences between treatment 
averages at P ~ 0,01 level of significance. · 
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(Table 4.5), though the PCV va lues increased in all groups from an 
. average of 28,7% at the onset of the trial to an average of 30,6% 
at the end of the trial. The average serum Cu and Mo levels did 
not change markedly over the last three months of the trial 
(Figure 4.1 and 4.2 respectively). Serum Cu levels during the 
las i.: three months of the trial were significantly higher (P<'O,01) 
in the Mo supplemented groups than in the other t wo treatments. 
Since no analyses were carried out in Dece~ber, there is uncertainty 
about the nature of the rise in serum Cu concentra tion during the 
first two months of the trial. The average serum Cu and Mo concell-
trati.ons are oresented in Table 4.6. The two Mo treatments caused 
a significant increase in s erem Cu and Mo levels above the treat-
ments 'vithout Mo. AdJitional S at the high Mo intake reduced 
serum Mo levels significantly below the Mo levels where Mo was 
given without S. 
DISCUSSION 
The ability of Mo to decrease the eu content of the liver by some 
40% has been pre~iously reported by other workers, including Dick 
(1954). Ha~ker (1976) observed a 41% decrease in liver Cu due to 
Mo supplementation while (Wynne & McClymont (1956) had previously 
reported a reduction of close to 100% in liver Cu content, with con-
comitant signs of hypocuprosis. The extent and risk of this 
depression depends on the eu states of the liver, the duration of 
Mo feeding, and the dietary levels of Cu and Mo during this period 
(Suttle, 1975b). 
Additional S caused a further drop in hepatic Cu content though the 
effect was relatively small as compared to the effect of Mo only. 
Dick (1954) demonstrated that S was essential in the Cu - Mo inter-
action and that an increase in dietary S depresses hepatic eu levels 
even further. It is evident from the present trial that the S in 
the basic diet was biologically available and th a t it 'vas present at 
a sufficiently high level to potentiate the action of Mo on eu 




eu + M" 
Cu + Mo + S 
Influence of Cu, Mo and S i.ntakes on packed cell 
volume (PCV) in blood during the diHerent months 
of Trial 1 
PCV (%) 
Jan. Febr. March April 
28,6 27,5 31,3 30,4 
28,6 27,7 30,5 29,4 
27,8 28,1 30,8 30,8 
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Concentration of Mo in the serum of sheep fed different 
levels of dietary Cu, Mo and S 
M 
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Table 4.6 The influence of Cu, Mo and S intake on the Cu and Mo 
levels in blood serum 
"k 
Treatments 
Cor.tro1 Cu Cu + Mo Cu + Ho 
+ S 
Pre-experimental collection 
3 Cu (mg/dm ) 1,00 0,83 0,74 0,85 
Averages of last four- months 
3 1 OOa 1 04
a ' b 
1 94
b 
Cu (mg/dm ) , , 2,04 , 
3 
0,04
a a 2 OOb 1 30
e Mo (mg/dm ) 0,10 , , 
Different superscripts designate differences between treatment 
averages at P ~O,Ol level of significance. 
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metabolism. The high S content in poultry manure contributed 
, substantially to the S content in the basic ration used. The 
presence of a fair proportion of poultry manure in a ration serves 
to obviate the need for supplying additional S with Mo when the 
latter is used as a prophylactic against eu toxicity. 
In both treatments where no additional Mo was supplied, very low 
hepatic eu retentions (0,73 and 0,85%) were observed. The 
percentages of eu retained in the livers were also very similar in 
the two treatments despite widely different levels of eu intakes 
{13,5 mg versus 59,8 mg eu/sheep/day). In the absence of high 
levels of substances in the rations antagonistic to eu metabolism 
in th~ body, dietary eu was found to be retained in livers at a rate 
of 3,3 to 5% (Dick, 19)4), 2,96 to 3,01% (MacPherson & Hemingway, 
1965) and 3,2 to 8,3% (Suttle, Munro & Field, 1978). The relatively 
high level of S present in the basic ration (0,26%) may !,ave contri-
buted to the low hepatic eu retention observed in the trial. A 
depressing effect of S per se o~ Cu availability was observed by 
Wynne & McClymont (1956), Goodrich & '£i lIman (1966) and Boyazoglu 
et al. (1972). The intake of other minerals potentially antagonistic 
to eu in the ruminant body, such as Fe (Standish et al., 1969), Zn 
(Bremner et al., 1976) and ea (Kirchgessner & Grassmann 1970) '-lere 
also well above the requirements of sh~ep (Pope, 1975) and may have 
contributed to the iow absorption and retention of eu in this trial. 
To what extent the breed of sheep used, contributed to the loweu 
retention is not clear. However, breed differences in susceptibility 
to Cu toxicity have been observed (Edgar et a1., 1941). 
The finding of a decrease in the Mo concentration of serum and of 
wool with the addition of S to the high Mo tceatment is in agreement 
with the observations by Dick (1956), Suttle (1975b) and Bremner 
(1976). However, the liver Mo levels remained high in the treat-
ments receiving additional Mo and did not decrease with the addition 
of S to the diet. This result, with respect to liver, is contrary 
to the expected response as observed by Dick (1956) and Huber, Price 
& Engel (1971) and no explanation for this observation is apparent. 
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The dramatic increase in serum Cu concentration at high dietary Mo 
' levels is consistent with results reported by Dick (1956), Suttle 
& Field (1968), Bingley (1974) and Smith & Wright (1975a). This 
increase was attributed to an increase in the "Direct Reacting" Cu 
fraction in plasma and the occurrence of a so-called "residual" Cu 
fracticn in plasma (Suttle & Field, 1968; Smi!:h & Wright, 1975 a, b). 
Elevated plasma Cu le' 1el~ due to dietary Mo were also accompanied by 
increased Cu concentrations in the kidneys and higher Cu urinary 
excretion rates (Dick, 1956; Smith et al., 1968; Marcilese et al., 
1970). The formation of stable unavailable Cu - Mo - S compounds 
has been suggested as the cause of th~se Qlevated plasma and kidney 
Cu levels (Suttle, 1974b; Smith & Wright, 1975 a, b). 
A dramatic increase in renal Cu levels accompanied by kidney damage 
has been obsecved during the haemolytic crisis stage of Cu toxicity 
(Todd et al., 1962; Ross, 1964; MacPhe rson & Hemingway, 1969). 
Even though Van Adrichem (1965) and Ross (1966) treated sheep ,,,ith 
Mo plus S at the first sign of all approachb.g ~risis , viz. elevated 
GOT levels in plasma, the kidney Cu levels of the sheep remained well 
above normal at slaughter, and signs of kidney damage were observed 
by Van Adrichem (1965). The kidney damage was attributed to the 
Mo + S treatmei.lt and Van Adri-.:hem (1965) warned against the risk of 
kidney damage due to the prolonged use of Mo + S in the treatment 
of eu toxicity. This aspect was, inter alia, investigated in Trial 4. 
The problem of urolithiasis in sheep was observed at high P intakes 
when the Ca: P ratio in the ration was narrow (Pope, 1975). The 
high percentages of P in the basic ration during the present trial 
and the narrow Ca : P ratio indicate that this could become a problem 
in rations containing high levels of broiler litter. 
TRIAL 2 
C HAP T E R 5 
THE EFFECT OF VARIOUS LEVELS OF DIETARY CU AND MO ON 
CU AND MO METABOLISM 
INTRODUCTION 
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The depressing effect of Mo and S on hepatic Cu content as obsc!"ved 
during Trial 1, is well established and amply confirmed in the 
literature. However, recommendations regarding levels of Mo and S 
to be used in the prevention of Cu toxicosis vary tremendou31y 
(Pope, i.975'. In order to obtain further information on re1~tive 
concentrations of Cu and Mo to be used for this purpose, the follow-
ing trial was carried out in which different levels of Cu and Mo 
were fed, while the daily S intakes were held constant. 
PROCEDURE 
Experimental animals, treptments and procedures 
In this trial 56 Corriedale wethers between 1~ and 2 years of age were 
divided into seven groups of eight sheep each. The treatments were: 
Treatment P a pre-experimental slaughter group; 
Treatment 1 high Cu, high Mo for 92 days ; 
Treatment 2 medium Cu, high Mo for 92 days; 
Treatment 3 low eu, high Mo for 92 days; 
Treatment 4 high eu, medium Mo for 182 days; 
Treatment 5 - medium eu, medium Mo for 182 days; 
Treatment 6 low eu medium Mo for 182 days. 
The groups receiving treatments 1, 2 and 3 were slaughtered after 92 
days and the remaining three treatment groups after 182 days on the 
treatments. During the 182 days Groups 4, 5 and 6 received approxi-
mate1y the same total quantity of No as groups 1, 2 and 3 over 92 days. 
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Milled veld hay and a concentrat~ mixture consisting of 69,4% maize 
meal, 22,8% connnercial ;)eef concentrate high in urea, 6,2% blood 
meal and 1,6% monocalcium phosphate · were fed according to the 
proced~re described in Chapter 2. 
The experimental routine and analytir.al methods used in this trial 
have been given in Chapter 2. During various stazer- of this trial 
blood samples were collected for PCV, haemoglobin, plasma Cu and 
Mo determinations. Liver and kidney cor.tex samples were also 
collect~d at slaughter for mineral analyses. 
The F- and t- tests were used to cc~pare differences between 
treatments. Logarithmic transformations were employed to reduce 
differences in variance between treatments when this was indicated by 
Bartlett's test of homogeneity of variance (Snedecor, 1959). 
RESULTS 
Feed intake and composition of rations 
During this trial each sheep consumed an averaf,e of 236 g of concen-
trate DM/ day while the average veld hay i.ntake per sheep w'.s 770 g 
DM/day. The daily and total Cu, Mo and S intakes of the sheep 
during this trial are presented ~n Table 5.1. Total Mo intakes 
amounted to approximately the same quantity for each group, 
although the daily intakes per sheep differed depending on the 
length of the experimental period. The Cu : Mo ratios varied between 
0,61 and 3,05. 'The average daily intakes of other nutrients per 
sheep were: 87gcrude protein, 10,8g Ca, 3,3g P, 4lmg Zn, 258mg 
Mn and 707 mg Ft:. The high level of Fe in take during this trial 
was due mainly to a high Fe content in the veld hay used 804mg Fe/kg 
DM) and the contribution derived from the blood meal. 
Clinical condition and mass of body and liver 
No clinical sign of abnormality due to any treatment was observed 
Table 5.1 Treatments and average Cu, Mo and S intakes during Trial ~ 
Treatments Duration Copper Molybdenum 
days per day total per day total 
mg mg mg mg 
P Pre-experimental 0 - - - -
1 High Cu, High Mo 92 69,7 6412 37,7 3468 
2 Med Cu, High Mo 92 39,2 3606 38,8 3570 
3 Low Cu, High Mo 92 24,2 2226 39,7 3652 
I 4 High Cu, Med Mo 182 67,7 12321 22,2 4040 
5 Med Cu ,MeG Mo 182 40,6 7389 21,3 3877 
























during the trial. Changes in body mass at anyone stage of the trial 
were not significantly different between treatments (Table 5.2). The 
mass of the fresh livers did not differ significantly between 
treatments and little variation in DM% of the livers was observed, 
3S is indicated by the SE values of the means in Table 5.2. 
Mineral content of body tissues 
a) Liver 
The amount and the ~oncentrativn of eu in ~he livers increased in 
direct proportion to the tot~l aillount of eu consumed during the trial. 
This increase occurred independently of the daily a~ount of Cu consumed 
and was not influenced by the daily intake of Mo (Table 5.3). The 
linear increase in hepatic eu content (y) with increase in total eu 
intake (X) is depicted in Figure 5.1. The regression Y = 8,55 + 
0,0133X with n = 48 and r = 0,719 describes this relationship. 
Average hepatic eu retentions during the trial were therefore re1a~ive1y 
constant and represen~ed between 1,18 and 1,97% of the total eu intake. 
Variations in liver eu, both within and between treatments, were large, 
ego in Treatment 4 the liver eu concentration~ varied between 630 and 
2680 mg/kg DM (Appendix Table 1). The vdriations in liver eu content 
within treatments tended to increase with increasing eu intakes and 
this tended to reduce the statistical significance of differences 
between treatment means. 
In contrast to eu, the accumulation of Mo in liver ,~as related not to 
the total intake of Mo but to the daily amount of Mo consumed (Table 
5.4). Significantly more Mo (p ~0,01) was retained at the high daily 
intake levels than at the low, even though the total amount of Mo fed 
in each treatment was the same. When compared with eu, however, the 
fraction of the total Mo consumed which accumulated in the liver was 
considerably less. 









Body mass at slaughter and increase in mass during different stages of Trial 2 as well as 
fresh mass and dry matter percentage of livers at slaughter 
Mean body mass (kg) Mass gain (kg) Liver 
92 days 182 days 1 - 92 92 - 182 fresh mass DM % 
-lHYs days g (± SE) 
35,0 6,1 427,8 30,3 ± 0,21 
36,1 6,7 434,1 30,4 ± 0,24 
36,3 6,9 432,2 30,7 ± 0,19 
34,1 38,5 5,3 4,4 442,5 28,8 ± 0,30 
36,2 40,7 6,3 4,5 414,3 29,0 ± 0,34 





























mg Cu/kg DM 
346 ~ 51 
1013:- 94 
715 ~ 49 
592 ± 73 
1730 ~ 215 
1023 ~ 87 
888: 82 




41 ± 6,8 
131 ± 13,1 
94 ~ 7,1 
+ 80 _ 13,3 
+ 218 _ 26,8 
123 ~ 12,8 


































Given as % of total Cu intakes after subtraction of pre-experimental liver Cu levels. These l .evels 
were calculated from body mass of sheep at onset of trial relative to that of pre-experimental 




































T ~ , y = 8,55 + O,0133X 
'9" ~I r = 0,719 
L ..... ·· .. ·· .... · n = 48 
4000 8000 12000 
Total Cu intake (mg) 
Total Cu accumulation in the livers of sheep at different intakes of Cu. 
Vertical bars represent SE of means 
VI 
....... 
Table 5.4 The level and accumulation of Mo i.n t.he livers of 
sheep receiving different dietary levels of Cu and 
Mo 
'1(--]( 
Molybdenum (± SE of mean) 
Treatment Intake Concentration Total content Retention 
** 
mg mg/kg DN mg % 
P 0 
a 
2,9 ± 0,31 a 0,34 ± 0,047 0 
1 3468 bd 28,1 ± 1,60 b 3,62 ± 0,211 0,095 
2 3570 
bd 
24,4 ± 3,01 3,18b ± 0,350 0,080 
3 3652. 
bd 
27,6 ± 2,41 b 3,69 ± 0,412 0,092 
4 4040 
b 
9,5 ± 0,83 a 1,21 ± 0,123 0,022 
5 3877 
b 
9,9 ± 0,68 a 1,19 ± 0,096 0,022 
b a 
6 3731 9,5 ± 0,60 1,15 ± 0,067 0,022 
Pre-experimental level subtracted; % of total Mo intake 
Values within columns with different superscripts denote 












The concentration of Fe and Zn in th'e livers of 
sheep receiving different levels of dietary eu 
and Mo (± SE of ~ean) 
* * Liver Fe Liver Zn 
mg/kg DM mg/kg DM 
530
a + 52 
434
a + 49 115a ± 4,0 
552
c + 51 109c ± 3,3 
548
ac + 45 104bf ± 2,2 
496
a + 81 128de + 6 2 _ , 
400
ad + 34 110c ± 5,6 
697
b + 45 110c ± 3,5 
59 
,', Different superscripts ,.,ithin columns designate differences 
between treatment averages: a - band c - d at P <. 0 ,05 and 
e - f at P <0,01 levels of significance. 
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tended to increase as the eu intakes decreased . This was particu-
. larly evident in Treatment 6 (low eu, medium Mo) where the Fe content 
of the liver was significantly higher (P<0,05) than in the other 
treatments. The relatively low Fe concentration in the livers fr~m 
Treatment 5 is difficult to explain; low eu levels in the livers 
were a)so observed in this group. 
The amount of Zn which accumulated in liver tended to follow the 
pattern of CU storage (Table 5.5.). Significantly higher amounts 
of ~u were present in the livers of sheep in Treatments I and 4 
(high eu). !he presence of Mo had PO ap~arent effect on the final 
Zn content of liver. 
b) Kidney cortex 
The concentration of Cu in the kidney cortex increased significantly 
a~ove the pre-experimental slauehter level. Oifferences between 
the other treatments were not statistically significant (Table 5.6). 
Although the difference in Zn level between Treatments 3 and 4 was 
significant (P<0,05), no trend acco r ding to eu or Mo treatment was 
apparent. 
The Mo concentration in the kidney cortex followed a similar pattern 
to that seen in livers, i.e. high liver concentrations in those groups 
receiving the high daily Mo intakes and 10vl levels at the low daily 
intakes. The Fe concentrations of some kidney cortices in each of the 
treatments were exceptionally high, and for this reason these values 
are not reported here. 
c) Blood plasma 
The eu and Mo levels of plasma during the trial remained more or 
less constant during the different stages and averages are therefore 
presented (Table 5.7). No statistically significant differences were 
observed in the plasma eu levels between treatments. Plasma Mo 
levels followed the same pattern as Mo concentrations in the livers 
and kidney cortices, with substantially higher levels at the high 
daily Mo intakes than at the low intakes. 
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Table 5.6 Mea~ concentration of Cu, Mo and Zn in tbe kidney 
cortices of sheep receiving different dietary levels 
of Cu and Mo (± SE of mean) 
* * Cu .Zn 
Treatment mg/kg DM 
Mo 




11,9 ± 1,0 
1 23,4
c ± 1,3 a 59,2 ± 5,3 90,4 ± 2,9 
2 
c 
24,2 ± 1,0 49,1 a ± 7,4 ~7,0 ± 3,4 
3 22,2
c ± 1,0 a 64,0 ± 7,7 93,6a ± 4,0 
4 
c 
21,6 ± 1,6 16 2c 3,0 b , + 84,3 ± 3,2 
5 
b 
17,7 ± 0,3 13 1c + 1,6 90,1 ± 3,3 , 
6 
b 
17,5 ± 0,5 12 2c ± 0,7 95,8 ± 2,4 , 
Diffe:rent superscripts within co1uwns designate differences 
between treatment averages : 
a - c at P <.0,01 and a - b at P ':::::"0,05 . levels of 
significance. 
T:.ible 5.7 Average concentrations of eu and Mo in plasma 
of sheep fed different levels of eu and Mo 
eu 
3 
(mg/dm ) Mo 3 * (mg/ elm ) 
Treatments First Second First Second 
92 days 90 days 92 days 90 days 




3 0,93 6 4
a , 
4 1,14 0,92 2,5
c 
2,5 
5 1,03 1,00 3,7
c 
2,9 
6 0,96 0,96 2 SC , 1,S 
* Different superscripts within columns designate differences 




No changes or significant differences \-7ere observed between treat-
ments in PCV and haemoglobin levels (Table 5.8). The PCV levels 
were relatively low though faecal worm egg counts revealed no 
traces of internal parasite infesta~ion as a possible explanation 
for this. 
DISCUSSION 
The presence of S is considered to be essential to the Cu - Mo 
interaction (Dick, 1954; Dick et al., 1975) and S is also believed 
to reduce Mo retention in the body. A dietary S i~take of less 
than 2 g/ sheep/day was effective in reducing hepatic Cu retention, 
presumably by its effect on the Cu - Mo intp.raction (Dick, 1954; 
Ross, 1966; Harcile8e et al., 1970; Bremner & Young, 1978). 
However, Grace & Suttle (1979) conclu~2d ttat diets low in degradable 
s042- content did not favour the formation of thiomolybdates, COQ-
pounds suggested by Suttle (1974b) and Dick et al. (1975) to bind 
Cu. Dick (1954) had ~reviously found that increasing levels of 
S042-(rising frcm 19 to 6g/sheep/day) seri!e~ to decrease hepatic 
Cu retention. The extent cf the reductiOl. ceppnded on the con-
2-current intake of Mo. When the Cu and the S04 intakes were held 
constant, increas ed amounts of dietary Mo (from 20 mg to 100 mg/ sheep/ 
day) had little effect on liver Cu retention by sheep. 
In the present trial the daily S intakes of all sheep were held 
constant at about 2,0 g per day, a level shown to be adequate for 
the promotion of the Cu - Mo interaction. The CU and Ho intakes 
were varied in the different treatments giving Cu : Mo ratios over 
the range 0,6 to 3,0. 
hepatic Cu retention. 
Under these circumstances Mo failed to affect 
This finding is contrary to the results 
obtained in Trial 1, and unexpected in the light of reports in the 
literature. This lack of an effect of Mo may possibly be due to 
the inadequate formation of thiornolybdates, and consequent low 
binding of dietary Cu. 
64 
Table 5.8 Packed cell volume (PCV) and haemoglo'bin (Hb) 
values of blood fro~ sheep fed different levels 
of eu and Mo 
Date of collection 
Treatments 27/7 7/9 20/10 7/12 
1 PCV 25,0 22,5 
Hb 10,6 10,2 
2 PCV 23,5 21,9 
Hb 9,8 9,5 
3 PCV 2l; ,1 24,9 
Hb 10,5 10,3 
4 PCV 22,3 20,8 25,6 24,8 
Hb 9,6 9,2 10,3 9,9 
5 PCV 24,9 21,1 24,6 26,1 
Hb 10,4 10,4 9,8 11,1 
6 PCV 20,6 24,8 25,3 24,8 
Hb 9,5 10,1 9,9 10,3 
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The linear increase in Cu a~cumulation in the liver with the 
increase in Cu intake observed in this trial corresponded well 
with similar observations by Dick (1954), Hemingway & MacPherson 
(1967) and with the two treatments without Mo in Trial 1. However, 
much higher dietary Cu levels were required in the present trial 
to achieve liver Cu levels approximating those reported by Dick 
(19S!~) and Hemingway & HacPherson (1967). The proportion of 
dietary eu retained in the liver in Trial L was between 1,2 and 
2,0% as compared to 3,3 to 5%, 2,96 to 3,01%, 4,4% and 3,2 to 
8,3% reportee by Dick (1954), MacPherson & Hemingway (1965), 
He~ingway & MacPherson (1967) and SuLtle et al. (1978) respectively. 
With the use of the hypocupraemic e,.,es and the Cu depletion-repletion 
technique, Suttle (l97'!.a) found that the true availability of 
dietary Cu in the body of the sheep varied between 4,1 and 11,4% 
The relatively low Letention of dietary Cu in the livers of the 
s~eep used in the present trial is difficult to explain. With the 
fixed level of dietary S, the two l~ '.'(!ls o~ Mo tested had no apparent 
effect on Cu storage in the liver. However, since higher amouuts 
of dietary Cu were necessary to achieve Cu levels in the liver 
similar to those reported by Dick (1954), it is possible that the 
Mo : S042-cO~bination did hav~ some inhibiting effect on the body 
storage of Cu. On the other hand, the reduced liver stor~ge may 
ha'.re reflected other influences, such as genetic factors influencing 
Cu metabolism in the body. This aspect will be considered presently. 
A dietary S leve~ of just above 2 g/ sheep/ day is sufficient to meet 
the S requirements of a sheep (Pope, 1975). Hume & Bird (1970) 
found l, 95 g S/ day to be adequate for supponing maximum protein 
production in the rumen while Huisingh & Matrone (1976) accepted 
0,28% S in the diet as the requirement for growing lambs fed a purified 
diet containing urea. A dietary S level of above 2 g/kg feed 
was suggested by Suttle (1974c) as essential for eliciting a depressing 
effect of S on Cu absorption. Huisingh & Matrone . (1976) suggested 
the formation of CuS to be more significant in rendering Cu unavailable 
to the ruminant than the interaction of Cu 'vith Mo. Availability of 
2-
Cu will depend on the pool of rumina 1 S . 
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Huisingh & Hatrone 
(1976) pointed out tha'c Mo affected the pool of sulphide by in-
2- . 2-
hibiting the reduction of S04 to S However, with methionine 
2-as the source of S, Mo did not inhibit S formation. They 
observed that Mo aggravated a state of Cu deficiency in sheep when 
methionine was the source of S but dlleviated the Cu deficiency 
2-when S04 was supplying the S. In the present t~ial the S was 
probably mainly in the amino acid form which could lead to 
considerable S2- formation even at a level of about 2 g/sheep/day. 
This may have contributed to the low Cu retention observed, .similar 
to the observations by Huisingh & Matrone (1976). 
It was not possible to establish to what extent the high Fe intakes 
during the trial contributed to the low liver Cu retention. Standish 
et al. (1968) reported that high levels of dietary Fe (at 400 mg Fe/ 
kg DM and above) decreased the availability of dietary Cu to cattle. 
Abdellatif (1968) made similar I)bservationf' in sheep but tested the 
effect only at very high Fe intakes. The decrease in liver Fe 
concentrations ~ith increased CU intakes, observed in the present 
trial, indicated that Gome iuteraction must have taken place between 
Cu and Fe. 
The daily Zn intake of the sheep (41 mg/sheep/day) was well below 
the levels of 220 and 420 mg Znlkg diet at which Bremner et al. 
(1976) observed decreased hepatic Cu retentions due to the Zn intakes. 
A tendency for hepatic Zn concentrations to increase with increased 
Cu intakes was observed in the present trial. This is in agreement 
with observations by Suttle & Mills (1966) and Gibb, Pond, Kallfelz, 
Tasker, Van Campen, Krook & Visek (1974) on pigs, and suggests the 
existence of some interaction between Cu and Zn in the body. The 
increase in liver Zn concentrations at high Cu intakes as observed 
by Suttle & Mills (1966) was considered to be a manifestation of 
Cu-induced Zn deficiency in pigs (Bremner & Marshall, 1974). 
British sheep breeds have been found to be more susceptible to Cu 
toxicosis than Corriedales, with the Merino being the least susceptible 
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of the sheep breeds tested (Edgar et al., 1941; Marston & Lee, 1948). 
' To what extent breed differences contributed to the differences in 
rate of eu retentions is open to speculation. Corriedales were 
used in the present trial and S A Mutton Herinos in Trial 1. Dic:i< 
(1954) used crossbreds in his trials because of their higher suscep-
tib~lity to Cu toxicity than Merinos, while MRcPherson and Suttle 
used Scottish Black-fac~d sheep. Wiener & Field (1969) reported 
varicition3 depending on breed, in the relationship between liver Cu 
levels and hypocuprosis observed in British sheep 'breeds. A higher 
cae~llloplasmin turnover rate in cattle than in sheep was suggested 
to be a possible reason for the higher se~sitivity of cattle to Mo 
toxicity than sheep (Marcilese, Figueiras & Valsecchi, 1976) and [or 
the higher sensitivity of sheep to Cu toxicity than cattle (Ward, 1978). 
Genetic differences in caeruloplasmin turnover rates between sheep 
breeds may therefore also be a reason for differences in resistance 
to Cu toxicity between sheep breeds. 
Variations in liver eu content at the onseL of the trial and possibly 
uneven eu intakes, because of the group feeding regime, must have 
contributed to the wide variation observed in hepatic eu content within 
treatments. Th~s may explain the lower Cu and Fe retentions observed 
in Treatment 5 of this trial as compared with the other treatments. 
However, differences within treatment brouPS in the genetic ability 
of the sheep to absorb and/or to retain Cu may have been responsible 
for some of the variation. Todd et al. (1962) observed a wide 
variation in hepatic eu concentrations in sheep receiving the same 
dietary Cu levels. This would explain why usually only a small pro-
portion of a flock succumb to Cu toxicity (Todd, 1969). MacPherson 
& Hemingway (1965) mentioned a tendency in their trials for there to 
be a lower liver Cu storage in those sheep which survive for longer 
periods on diets high in Cu. It therefore seems possible that 
genetic differences due to sheep breeds may have been partly responsible 
for the lower hepatic Cu retentions observed in the present trial as 
compared with those of other workers. 
Corbett, Saylor, Long & Leach (1978) suggested that the close 
relationship between dietary Cu and liver Cu as observed by Dick 
(1954) indicated the existence of very little homeostatic control 
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over Cu absorption by sheep; this is contrary to the position 
reported for other spec.ies (Beck, 1963; Milne & Weswig, 1968; 
Fisher et al., 1972; Hedges & Kornegay, 1973). However, Suttle 
et al. (1978) noticed some evidence for the existence of homeo-
static control in the Cu absorption and retention in sheep at high 
Cu intakes. In the present trial t~is linear rela tionship extended 
to well within the range of hepatic Cu concentrati0ns at which Cu 
toxicity can be expected (Harker, 1976) and well above the levels 
recorded by Suttle et al. (1978). Dick (1954) had also observed 
a slightly decreased Cu retentiop- at his highest level of dietary 
Cu intakes. Neethling, Brown & De ~et (1968) measured not only a 
reduced absorption of Cu 64 at high dos es, which they ascribed to 
some regulatory mechanism at high Cu intakes, but al~o increased 
Cu absorptions in Cu-dep1eted sheep. In view of these observat ions 
by Neethling et al. (1968), true Cu availability estimates calcu-
lated with the use of the Cu depletion-repletion technique (Suttle, 
1974a) may not give a true refl ~ction of Cu availability under 
natural conditions. 
Mo concentrations in the liver, kidney cortex and plasma in the 
present trial seemed to follow the level of Me intake. This 
implies that the Mo concentration in these organs may be u~ed as 
parameters of the Mo status of sheep. Cunningham & Hogan (1959) 
found the Mo concentrations of the bone, kidneys and spleen to be 
related to Mo intakes. Les~erance & Bohman (1963) suggested the 
use of Mo levels in plasma and liver as indicators of the Mo status 
and the danger of Mo toxicity in cattle. Symptoms of molybdenosis 
per se, viz. diarrhoea, anorexia, etc., as observed in cattle, are 
seldom encountered in sheep (Cunningham & Hogan, 1959; Ward, 1978). 
Furthermore, the observation in the present study that the Mo levels 
in the organs and plasma tended to vary depending on levels of daily 
Mo intake, _ rather than total Mo intake - during the trial, indicates 
that Mo in the sheep body is fairly transient, irrespective of Cu 
intake. This would limit the value of tissue Mo concentrations in 
predicting the overall Mo status of an animal, though high plasma Mo 
levels would indicate excessive Mo intakes on a short term basis 
(Lesperance & Bohman, 1963). 
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Molybdenosis as observed in sheep is usually expressed in the form 
of induced hypocuprosis. The presence of S in the diet ~-las found 
to be essential to elicit this action of Mo on Cu in the body 
(Dick, 1954; Suttle, 1974c). However, the addition of S to a 
diet is also accompanied by a decrease in tissue Mo concentrations 
(Dick, 1956). Plasma and tissue Mo levels would, therefore, be of 
little value in predicting induce~ hypocuprosis in sheep. In fact, 
low plasma and tissue Mo levels may even be potentially more 
dangerous than high levels. The use of a Cu : Mo ratio in feed as 
suggest~d by Miltimore & Masor. (l971) for ~redicting the riak of 
molybdenosis in cattle, would also be unreliable for predicting 
induced hypocuprosis in sheep if the S content of the diet is unknown. 
This is well demonstrated in the present trial where six different 
ratios of Cu : Mo were fed, without affecting hepatic Cu retentions. 
The low PCV percentabcs associated with approximately normal levels 
of haemoglobin obserVt!d in thil'l trial '!lay i.ndicate a state of anaemia 
which may reflect a Cu deficiency due to high Mo intakes. This iq 
unlikely though,considering the levels of Cu in the blood and in the 
liver and the high Cu ~ntake. Dietary Fe intakes were also very high 
and lack of Fe is prohably not responsible fo~ the low PCV values. 
It is unlikely, therefore, that treatment:; 'Jsed during thi:; trial 
were responsible for the state of anaemia, indicated by the lm-l PCV 
recorded. 
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C HAP T E R 6 
TRIAL 3: INFLUENCE OF DIETARY S ON CU AND MO METABOLISM IN SHEEP 
RECEIVING HIGH LEVELS OF CU AND MO 
INTRODUCTION 
From the literature it appears to be the accepted practice to 
supply additional S whenever Mo is used in the treatment or 
prevention of Cu toxicosis in sheep. Garner (1963), for ~nslance, 
recommended the daily addition of between 0,3 and 19 sodium 
thiosulphate with 50 to 500 mg ammonium molybdate to control eu 
toxicity in sheep. The importance of the S content in the basic 
diet was demonstrated in Trial 1. The failure to reduce liver 
Cu concentrations with high levels of Mo supplementation in Trial 2 
was attributed, at least partially, to the low S content of ~he 
diets. Suttle (1975b) pointed out that natural variations in S 
and Mo content of grazing could influence the eu status of the 
grazing animal, while Ward (1978) suggested the use 0f the protein 
content of a ration as an indication of the S content of the diet. 
A trial WaS carried out in which different levels of S were supplied 
after a period of Cu accumulation in the body, to determin.e th~ 
effect of level of S intake on the Cu and Mo metabolism of sheep 
receiving high levels of these minerals. 
PROCEDURE 
Experimental animals, treatments and procedure 
Thirty S.A. Mutton Merinos, age l~ to 2 years, were divided into 
five groups consisting of five rams and one wether per group. All 
groups received a diet high in Cu and Mo but low in S for the first 
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42 days (Initial slaughter), one group (Low S) was kept on the low 
S ration to the end of the trial while the remaining three groups 
received the medium level of additional S for a further 42 days. 
At thici stage one of the latter groups was slaughtered (Mid-slaughter), 
one group was left on the medium S ration (Medium S) while the last 
group received an even higher level of additional S (High S). These 
three remaining groups were slau~htered after a fG~ther 70 days on 
their respective treatments. The tr~atments applied and the actual 
Cu, Mo and S intakes are given in Table 6.1. 
Veld hay and a concentrate mixtllre .:::onsist":'ng of 86% maize meal a·~d 
4,6% each of urea, salt and monocalcium phosphate were fed to the 
sheep as described in Chapter 2. 
The experimental routine was similar to that described in Chapter 2. 
GOT concentrations were determined towards the end of the trial to 
monitor tissue damage in the body (Tocid, 1969). Livers, kidneys, 
spleens, lungs, testes and muscle samples were collected at slaughter 
and prepared fer iurther analyses. 
The chemical and stati::;tica1 methods as de~cribed in Chapter 2 ,,,ere 
used in this trial. 
RESVLTS 
Feed intake and composition of rations 
An average intake per sheep of 893 g DM in the form of veld hay and 
176 g of the concentrate mixture on a dry basis, was recorded. 
Treatments and average daily Cu, Mo and S intakes for the various 
stages of the trial are presented in Table 6.1. The average ratio 
of Cu : Mo in the ration was 1,63 : 1. The average daily intake 
per sheep of other nutrients during the trial were: 96 g crude protein 
9,5g Ca, 2,9gP, 29mgZn, 256mgMn and 493mgFe. The S content of 
the hay in this trial was higher than expected, resulting in daily 










Treatments, average Cu and Mo intake/sheep/day during the experiment and average S intakes/sheep/ 
day during the different stages of Trial 3 
Copper Molybdenum Sulphur 
Duration First 42 days Second 42 days Last 70 days 
days per day Total per day ~0tal per day Total per day Total per day Total 
mg mg mg mg g g g g g g _.- -
42 53,1 2230 33,9 l42!+ 2,88 121 - - - -
84 55,9 4696 34,7 2915 2,88 121 I 3,86 162 - -
154 58,2 8963 35,1 5405 2,88 :.21 2,98 125 2,90 203 
154 56,3 8670 33,1 5097 2,88 121 3,86 162 4,01 281 





to duplicate the S intakes of Trial 2. Due to some difficulty with 
the feed mixer, Mo levels of the concentrate mixture during the last 
28 days of the trial were slightly lower than during the preceding 
period'. 
Clinical condition and mass of body and organs 
No clinical signs of abnormality due to any treatment were observed. 
One sheep from the Mid-slaughter group was lost due to theft. A 
drop in body mass was observed during the pre-experimental 42 days, 
but the mas~ of all groups increased slightly for the resc of the 
experimental period (Table 6.2). No statistically significant 
differences in body and organ mass or organ DM percentage was 
observed between treatments (Table 6.3). Slight but inconsistent 
differences occurred in testes mass and DM percentage. The DM 
percentages of the organs showed very little varia ~ ion as can be seen 
from the SE of the means. 
Mineral content of body tissues 
a) Liver 
Very little accumulation of Cu or Mo took place in the liver after 
the first 42 days of the trial (Table 6.4). The additio~ of S to 
the diet resulted in negative Cu retentions in two treatment groups,the 
Mid-slaughter and High S groups. These Cu levels were significantly 
(P<O,ol) lower than those found in the low S group. Mo concentrations in 
the liver decreased during the period when dietary S intakes were 
increased, belQw the level of the Initial slaughter group. Negative 
liver Mo retentions were observed in all groups as compared to the 
Initial slaughter group, though differences between groups were 
insignificant. 
b) Kidney cortex 
Significant increases in cortex Cu concentration were observed when 
Table C.2 










The average body mass of the sheep and changes in mass 
between th~ various stages of Trial 3 
Initial Mass at Mass at Mass at 
mass 42 days 84 days 154 day.:> 
Mass Gain-:( Mass Gain-1( Mass Gain"'( 
kg kg kg kg kg kg kg 
49,3 44,5 -4,8 
52,4 46,5 _5,9 47,0 0,5 
52,4 47,8 _4,6 49,3 1,5 50,7 1,4 
51,8 47,2 -4,6 4~,3 2,1 51,1 1,8 
52,0 47,2 -4,8 49,5 2,3 50,8 1,3 
Difference from previous period. 
Table 6.3 The average mass of the different organs (fresh) and the dry matter percentages of the organs at 
slaughter 
Treatments 
Initial Mid - Low Medium High 
Organs slaughter slaughter S S S 
Liver 
Fresh (g) 520 509 477 503 526 
Dry matter (%) 'h,( , 27,5 -.: 0,47 28,3 -.: 0,23 28,3 -.: 0,40 28,2 -.: 0,34 28,3 -.: 0,35 
Kidneys i'( 
Fresh (g) 111 115 110 111 115 
Spleen 
Fresh (g) 124 99 101 99 107 
Dry matter (%'y:-l( 21,7 : 0,19 22,7 :!:: 0,24 21,6 :!:: 0,18 21,9 :!:: 0,35 21,1 :!:: 0,14 
Lungs 
Fresh (g) 459 490 486 485 523 
Dry matter (%) 'Id( 19,7 ± 0,31 20,5 :t. 0,20 19,9 ± 0,36 20,6 ± 0,45 20,8 ± 0,44 
Testes 
Fresh (g) 256 153 203 255 220 
Dry matter (%) ** + . 14,6 _ 0,20 16,1 :!:: 0,49 13,8 :!:: 0,05 13,2 :!:: 0,21 13,8 :!:: 0,28 
"k 
Kidney cortices used in analyses 
*-" + SE of means 
'-I 
0\ 
Table 6.4 The levels and accumulation of Cu and Mo in the livers of sheep receiving different levels of S 
ct SE of means) 
"I\"k"'/( 
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Pre-experimental level subtracted; % of total Cu intake 
.,':-"" 
Cu and Mo intakes during first 42 days deducted 
Intake Liver 
mg mg/kg DM 
0 7:* a + 10,7 _ 1,39 
1491 6 4
b + 52 , -, 
3981 a + 8,6 _ 0,76 
3673 7,~ ~ 0,81 
3643 7,7 . -I- 0,83 
"'k"i:"k Values within columns per trial with different &upers~ripts denote sig:lificance: 


















additional dietary S was suppliec above the Low S treatment (Table 
6.5). The Cu concentra tions in the cortices of the Mid-slaughter 
and Medium S groups (which received the same level of S supplementa-
tion/dey) were similar, even though the treatment period for the 
latter was 70 days longer than for the Mid-slaughter group. A com-
bined regression equation with a correlation of r = 0,916 was 
observed bet\<leen the Cu and Mo concentrations in tpe kidney cortices 
of the three treatments r eceiving addi-cional S above that of the 
Low S level, viz. the Mid-slaughter, Medium S and High S treatmeftts 
(Figure 6.2). An average atomic ratio of 2,15 was observed between 
the Cu and Mo concentrations in th~se grou~s. For the Initial 
slaughter and Low S treatment groups, the average correlation between 
Cu and Mo was r = -0,02. 
c) Spleen, lungs, muscle and testes 
The effect of dietary S supplefu2ntatioll du r ing the trial on C~ and 
Mo concentr~ti0ns in the spleen, lungs, muscle and testes is given 
in T~ble 6.6 and Figure 6.3. Statistically significant differences 
(P<O,o~ in Cu co~centra tion were observed in the spleen between the 
Initial slaughter and Medium S gtOUps and i n the testes (P~O,Ol) 
between the earlier slaughter groups and those kept in the trial for 
154 days. The feeding of additional S was associated with signifi-
cant reductions in the Mo conceni-rations in all the tissues. The 
effect of additional S on Mo concentrations in these tissues showed 
. a non-linear pattern with a marked reduction in Mo concentration 
between the Low S and Medium S treatments but without any additional 
reduction due to further S supplementation. 
No statistically significant differences in the Zn and Fe concentra-
tions of the livers, kidneys, spleens, lungs, muscles or testicles 
were observed which could be related to any treatment effect. 
d) Plasma 
Average plasma Cu and Mo concentrations for the different stages of 
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Table 6.5 The influence of different levels of dietary S on 
the concentration of Cu and Mo and the Cu : Mo ratio 
in the ¥id~ey cortices (± SE of means) 
Kidney Cortex 
.1\* 
Treatment Cu Mo Cu : Mo 
mg/kg DM t'lg/kg DM ratio 
Initial slaughter 16,Ob ± 0,89 13,9 + 2,24 1,15 ± 0,33 
Mid-slaughter a 14,9 2,41 1,90 ± 0,12 28,3 ± 2,94 + 
Low S 18 Obe , ± 0,93 17,1 + 2,27 1,05 ± 0,18 
Medium S 
ac 
26,6 ± 2,50 11,8c ± 1,67 2,25 ± 0,10 
40 3
ad + 4 70 
~ 
High S l8,8~ ± 1,83 2,14 ± 0,10 , -' 
Different superscripts within columns designate differences 
between treatment averages: a - 'b at P <. 0,01 and 
Atomic ratio 
c - d and c - e at P < 0,05 
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The relationship between Cu and Mo in the kidney cortices of sheep. A combined regression 
equation for the groups receiving additional S, ViZ.C1 high S,. med S and x mid-slaughter. 
The correlation between the groups without addition S, 0 pre-slaughter and + lOT-] S was 
r = -0,02. 00 
o 
Table 6.6 The effect of S supplementation on the C~ and Mo levels (DM basis) in organs and tissue (± SE of means) 
Copper * Molybdenum -;'( 
Treatment Spleen Lungs Muscle Testes Spleen l ,ungs Muscle 
mg/kg mg/kg rng/kg rng/kg rng/kg rng/kg mg/kg 
Initial 
2 slaughter a a a 2.07
a ± 0,47 6,4 ± 0,17 13,5 ± 0,64 3,22 ± 0,49 6,2 ± 0,42 7,1 ± Co ,50 7,4 ± 0,94 
t1id-
slaughter 5,3 ± 0,26 14,5 ± 0,52 3,18 ± 0,35 a I c c b 6,8 ± 0,36 1,7 ± 0,65 1,6 ± 0,07 0,52 ± 0) 10 
4,4 ± 0,25 10,3 ± 0,43 c I a a 1,10 ± 0,24 Low S 3,35 ± 0,17 8,7 ± 0,25 5,1 ± 0,79 6,2 ± 0,72 
Medium S b c c c b 4,2 ± 0,13 9,0 ± 0,55 3,08 ± 0,11 9,2 ± 0,77 1,3 ± 0,14 1,5 ± 0,19 0,50 ± 0,14 
High S 5,6 ± 0,38 8,3 ± 0,63 3,73 ± 0,18 c 9,0 + 0,19 c 1,4 ± 0,10 c , 1,7 2: 0,40 c 0,42 ± 0,13 
* Different superscripts within columns designate differences between treatment aver,ages : 




5,1 ± 0,90 
c 
1,3 ± 0,09 
a 
3,5 ± 0,51 
c 
1,4 ± 0,11 
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83 
the trial are presented in Table 6.7. Changes in plasma Mo and CU 
concentrations are depicted in Figures 6.3 and 6.4 respectively. 
The addition of S, i.e. during the second and third stages, resulted 
in increased plasma Cu and decreased plasma Mo concentrations. The 
difference in plasma eu levels between the control and the other 
groups receivin~ additional S, was not statistically ~ignificant 
during the second 42 day periodJbut was so during the last 70 days 
of the Trial. 
HaematGlogical parameters and serum enzymes 
No changes or significant differences were observed between treat-
ments in the haemoglobin and PCV values, during the various stages 
of the trial (Tacle 6.8). Haemoglobin levels varied between 11 and 
3 
12,7 g/lOO cm blood and PCV between 27,2 and 31,6%. The GOT levels 
in serum were determined towards the end of the trial (Table 6.9). 
Th~se values va~ied between 42 and 56 IU/dm3 \vith no significar:t 
differences between treatillents. Only one sheep, in the High S 
group, had a GOT value or 104 IU/dro
3 
shortly "cefore it \va:; slaughtered. 
DISCUSSION 
A relatively low rate of hepatic Cu retention (0,2 l }%) was observed 
at an S intake of 2,9g/sheep/day. Above this S level negative 
hepatic Cu retentions were obtained. Reduced liver eu levels have 
been recorded at S"and Mo levels similar to those used in the Low S 
treatment of this trial (Dick, .1954; Harker, 1976). At the levels 
. of Cu, Mo and S used in Trial 3, it may be concluded that the low 
hepatic eu retentions were to a great extent due to the eu - Mo - S 
interaction. 
It is evident from the results that liver Cu retentions can be 
restricted, or can even be reduced to negative values at a dietary 
eu : Mo ratio of approximately 1,63. These results substantiate 
the suggestion by Miltimore & Mason (1971) that the danger of eu 
deficiencies due to dietary Mo existed at eu : Mo ratios of less than 2,0. 
Table 6.7 The effect of S supplementation on the plasma Cu and Mo concentrations during various 
stages of the trial. 
3 * Plasma Cu (mg/dm ) 3 * Plasma Mo (mg/dm ) 
Treatments First Second Last First Second Last 
42 days 42 days 70 days 42 days 42 days 70 days 
Initial 
slaughter 1,28 2,43 
Mid-
slaughter 1,25 1,39 2,39 o 54c , 
Low S 1,34 1,25 0,96
a 
2,26 1 88
a , 1,92a 
Medium S 1,3f) 1,40 1 22
c , 2,39 0,53c o 48 c J 
High S 1,29 1,36 1 l8
c , 2,34 o 60c , 0,49c 
"1< 
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The influence of various levels of d i ~tary S on the packed cell volume (PCV) and 
hae~oglobin (Hb) levels in blood during Trial 3 
Data of collection 
5/7 10/8 16/9 2/12 








30,6 12,0 27,5 10,6 
29,5 11,8 26,4 10,5 29,4 11,5 
28,9 11,6 27,2 10,4 29,2 11,2 28,7 
28,7 11,6 28 ,.7 11,3 27,8 11 ,0 29,7 














The aVtrage serum GOT levels of sheep during the 
last two months of Trial 3 (± SE of means) 
Serum GOT levels (ru/elm
3
) 
Low S Medium S High S 
51,7 ± 4,0 46,5 ± 2,5 49,7 + 1,4 
48,3 ± 5,8 42,7 ± 3,6 55,8 + 9,6 * 
3 




However, it is clear that the level of S intake has an important 
influence on the degree of response to be expected, as has also 
been concluded in Trial 2, and cannot be ignored. Differences in 
S levels used, may explain why diffe:t:"ent ratios of Cu : Mo, viz. 
2 : 1 (Miltimore & Mason, 1971), 5: 1 (Alloway, 1973; Pope, 1975) 
7 : 1 (Case, 1974) had been suggested as safe limits ap:ainst molybJenosis. 
Suttle (l974b) suggested the formula "product log (Mo concentr~~ion) 
x log (S conc2ntration)" for predicting the effec~s of dietary Mo 
and S on the availability of Cu in feeds, thus taking into account 
the S content of the food. 
Although the importance of a knowledge of dietary S levels seems 
obvious, different factors can influence the amount and availability 
of 8 in the body. 8uttle (1975b) mentioned the possibility that 
some 8 may escape ruminal degradation and not participate in 
the interactions with Mo. Hume & Bird (1970) r epurted substantial 
endogenous additions of 8 through the saliva to the 8 pool i~ the 
rUillen. Scai fe (1956) suggested that protein catabolism in the 
body may contribute to the S pool involved ill t.he Cu - Mo - 8 inter-
action. Although Marcilese ~al. (1969) proved that intravenously 
injected 80 2- did not contribute to the Cu - Ho interaction it: the 
4 
body', it seems possible that S from protein catabolism ~ou1d recycle 
back into the rumen where it can influence the Cu - Mo interaction. 
The form in which 8 is ingested by the animal, ego as amiuv acid 8 
or 8°42- (Huisingh & Matrone, 1976) and the -proportion of amino acids 
directly incorporated in the microbial protein (Gawthorne & Nader, 
1976) may also influence t he availability of 8 to the Cu - Mo - 8 
interaction. Suttle (1974c, 1975b) proved with the use of the 
depletion-reple tion technique and semi-purified diets that S in both 
the organic and inorganic forms was equally effective in the Cu - 8 
and the Cu - Mo - 8 interactions respectively. Contrary to 8uttle's 
results, Goodrich & Tillman (1966) and Huisingh & Matrone (1976) 
observed different responses in the interactions of 8 with Cu and 
Cu - Mo depending on the form in which 8 was supplied. 8ince so 
many factors can influence the availability of S, it seems unlikely 
that fixed eu : Mo ratios or formulae can be devised for use in 
animal nutrition to sujt all circumstances. 
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The low hepatic eu retention observed at the low level of S intake 
in Trial 3 is probably best explained by the eu - Mo - S interaction 
in the rumen. The negative hepa tic eu retentions observed at the 
S intakes of 4 and 5,3 g i s heep/day indicate that the eu - Mo - S 
interaction may also occur at the body tissue level. Elevated 
plasma eu levels, mainly due to an increase in the- direct reacting 
eu fraction of plasma, were considered by Suttle (1974b) to be a true 
systemic effect of the eu - Mo - S i nteraction. High kidney ·eu 
levels and increased rates of eu excretion through the urine were 
considered to be the result of the high concentration of the direct 
reacting eu fraction in plasma (Suttle, 1974b). They may 
also be considered as systemic expressions of the eu - Mo - S inter-
action. It is clear, therefore, that the reactions taking place 
between eu, Mo and S can occur both in the digestive tract of the 
sheep and at cellular level, as suggested hy Dick et a1. (1975). 
The supplementation of S during Trial 3 resulted in increased plasma 
and kidney corte~ eu levels typical of the so-called systemic effects 
of eu - Mo - S inte~act.i. 'j n. The very high posi t ive correlation between 
eu and Mo concentrations in the kidney co~tex for all treatments 
which received additional S may, therefore, also be considered as a 
true systemic effect of this interaction. 
The relatively high plasma eu levels during the first 42 days of 
Trial 3, even before any additional S was provided, might be con-
sidered as an expression of this systemic effect of the eu - Mo - S 
interaction. These high eu levels were observed in all sheep at 
the onset of th~ trial. Furthermore, none of the other systemic 
effects, viz. elevated kidney eu levels or a high correlation between 
kidney eu and Mo was observed in the Initial slaughter treatment 
group. It may be concluded, therefore, that these systemic effects 
were not detectable at the S intake level of 2,88 g /sheep/day (2,7 g 
S/kg DM) during the first 42 days of the trial nor in the case of the 
90 
Low S treatment during the remainder of the trial. Smith & Wright 
(1975b) suggested that changes in plasma eu levels are elicited 
only above a critical dietary Mo concentration. From the present 
trial it appears that critical dietary S levels may also b~ necessary 
before systemic effects due to the eu - Mo interaction can be expected. 
At a daily intake of 58 mg eu and 35 mg Mo per sheep, the sy.stemic 
effects were observed when the S intake increased from 2,88 g (0,27%) 
to 3,86g (0,38%}/sheep/day. At concentrations of 58mg eu and 
2,7 g S/kg DM, elevated plasma and kidney eu levels were observed 
in Trial 1 at Mo levels of 45mg/kg DM. 
Elevated plasma eu and direct reacting eu levels were reported by 
Smith et al. (1968) ai: levels of 25 mg Mo and 1,8 g S/kg diet, by 
Suttle & Field (1968) at Mo and S concentrations of 50 mg and 3,6 
g/kg feed re&pective1y, and by Bingley (1974) at 120 mg Mo and 2,5g 
S/sheep/day. At a Mo intake of 12 mg/day Bingley (1974) still 
observed sligntly elevated plas~a eu levels. Smith & Wright (1975b) 
observed increased plasma eu levels at Mo intakes of be~ween 8 and 
16 mg/day. Marcilese et al. (1970) reported increased kidney and 
urine eu levels on diets containing 50 mg Mo and 1,3 g S/kg feed. 
Dick (1956) found an i~crease in plasma eu levels at different stages 
after the onset of his trials, dependi~g on Mo and S intakes. At 
the high Mo, high S intakes, plasma eu increased immediately, while 
at lower levels of Mo and/or S these increases appeared later in the 
trial. 
Widely different levels of both Mo and S are therefore apparently 
effective in promoting the systemic eu - Mo - S interaction. An 
important contributing factor may be that st~i-purified diets were 
used in most of the reported experiments where all the S was 
supplied as sulphate, while natural feeds were used in the present 
trial. Differences in S metabolism in the rumen have been reported 
to depend on the source of S (Huisingh & Matrone, 1976). Relatively 
high dietary levels of Mo and S are required to reduce the eu conten~ 
of the liver (Harker, 1976). It was observed that hepatic eu 
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concentrations can be maintained (Ross, 1970) and that sheep can 
die from eu toxicity m0~ths after the withdrawal of all additional 
eu from their diets (Bracewell, 1958; Barden & Robertson, 1962). 
The red11ction of the hepatic eu content is therefore essential if eu 
accumulation has already taken place in the liver. This could be 
achieved by exploiting the systenlic interaction between eu, Mo and S. 
An atomic ratio between eu and Mo of 2 : 1 was observed by Bremner & 
Young (1978) in the kidneys of sheep receiving additional S above a 
low S intake. Under similar cOliditions a ratio of 2,15 : 1 was 
observed in the presept trial. Smith & Wright (197 5b) observed all 
average eu : Mo ratio of 1,7 : 1 (varying between 2 : 1 and 3 : 3) in 
the TeA insoluble fraction of plasma of sheep receiving additional 
dietary Mo and S. These ratios were considered as evidence for the 
presence of compounds containing eu and Mo at fixed ratios and 
unavailable to the body. However, to observe such fixed ratios, 
the presence of eu and Mo in other fo~s in the kidneys should be low. 
The inclusion of G in the ration in this trial resulted not only 
in the high positive correlacion between eu and Mo in the kidney 
cortex but also in a s ~ gnificant reduction in the Mo levels of the 
plasma, spleen, muscle and testes. This finding is in accord with 
the results of Dick (1956), Huisingh et al. (1973) and Suttle (1975b). 
It is suggested that S could have exerted a similar depleting effect 
on the Mo in the kidneys, while simultaneous deposition of Mo, in 
conjunction with Cu and in a form unavailable to the body, was 
occurring in the kidneys. Evidence of this is the fact that 
even though the cortex Mo levels during Trial 3 were more or less 
the same for all treatments, the high correlation between Mo and 
eu existed only when the S intakes were high, i.e. when the other 
so-called system effects were observed. Dick (1956) reported 
decreased Mo concentrations in all organs after the addition of 
dietary S, with the exception of a slight increase in the 
kidneys. Bremner & Young (1978), on the other hand, observed 
a drop in kidney Mo concentration with the feeding of extra S. 
These differences may be explained by the extent to which the Cu-Mo 
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complex accumulated in the kidneys relative to the original renal 
Mo concentration. 
The first increment of additional S resulted in a significant 
red~ction in Mo levels in the tissues during the trial while the 
second increment did not cause further reductions in tissue Mo 
leveis. A similar non-linear effect of S supplementation on Mo 
absorption and Mo concentrations was observed in -blood (Dick, 1956) 
and in plasma and urine (Grace & Suttle, 1979).. During Trial 3 
of the present study the second increment of S exerted no further 
effect on Mo concentration in the tissues,though the CU and Mo 
levele in the kidneys increased significantly above the levels 
measured at the medium S treatment. This might lend support to 
the suggestion that the effect of S on Mo concentration in tissues 
functioned independently of the so-called systemic effect, resulting 
therefore, in a correlation between the Cu and Mo in the kidneys. 
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C HAP T E R 7 
mI~ 4: THE EFFECT OF DIFFER~NT ~EVELS OF DIETARY MO ON CU AND 
MO METABOLISM IN SHEEP 
INmODUCTION 
It was suggested in T1ia1 3 that re~ative1j high levels of dietary 
Mo and S would be required to reduce the level of accumulated Cu in 
the liver. Dick (1954) measured no changes in hepAtic Cu content 
at Mo intakes of between 20 and 100 mg/sheep/day. It may be con-
c1uded from Dick's results that dietary Mo intakes in the region of 
20 mg/sheep/day or 20 mg Mo/kg feed should be optimum and sufficient 
to control hepatic Cu accumulation. f hesp observations by Dick 
(1954) did Hot agree with results obtained in cattle receiving diets 
containing up t~ LOO mg Mo/kg DM (Vanderveen & Keener, 1964; Huber 
et a1., 1971). 
If fairly high levels of Mo and S are usc1 to reduce hepatic Cu 
content, a significant build-up of Cu and Mo may take place in the 
kidneys, as observed in Trials 1 and 3. Van Adrichem (1965) mentioned 
2-the possibility of kidney damage when high levels of Mo and S04 are 
fed to sheep for prolonged periods. On the other hand, Bingley 
(1974) stated that sheep tolerated high doses of Mo and S042- for 
protracted periods. 
A trial was therefore designed in which sheep received relatively 
high levels of Cu and S and different levels of Mo. The distribu-
tion of Cu and Mo in the body was followed under these conditions. 
Clinical and physiological tests on the liver and kidneys were also 
carried out to establish the degree of tissue damage in these organs 
due to high Cu and Mo intakes. 
in Chapter 8. 
These investigations are reported 
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PROCEDURE 
Experimental animals, treatments anG procedure 
Forty S.A. Mutto~ Merinos (20 wethers and 20 ewes), approximately 
one year of age, were allocated to five groups, as uescribed in 
Chapter 2. All the groups received the basic ration high in Cu 
and without additional Mo, during a pre-experimental period of 
42 days. At the end of this stage, one group, called the pre-
experiro~ntal slaughter group (Pr-X) was slaughterec, while the other 
groups were fed different levels of Mo in their rations and were 
called the No Mo, Low Mo, Medium Mo and High Mo treatments. 
The sheep received a ration consisting of veld hay and a concentrate 
mixture comprising 35,5% m~ize meal, 29,9% sunflower oil cake meal, 
29,9% sterilized poultry manure (trade name, K3), 3% urea, 1,5% 
sodium sulph~te and 0,0955% cupric sulph~te. The general experi-
mental routine followed,w~ s the same as that described in Chapter 2, 
and the trial lasted for 193 days. 
The following analyses were performed during this trial: 
a) feeds - Mo, Cu, Zn, Fe, Mn, S, Ca, P and crude protein; 
b) \vhole blood - PC V, haemoglobin and red blood cell count; 
c) serum - GOT, LDR, Ca, P, Mg, Zn, Fe, K, total protein 
and albumin; 
d) plasma - Mo, total Cu, direct reacting Cu,arginase; 
e) livers, kidneys (medulla and cortex). spleens, lungs, 
1. dorsi muscle, heart muscle and wool - Mo, Cu, Fe and 
Zn. 
A kidney clearance study, using inulin, endogenous urea and endogenous 
creatinine, was carried out on 14 of the ewes during the last two 
months of the trial. A histological examination of liver and 
kidney samples was done, as described in Chapter 2. 




Feed intakes and composition of ration 
A sheep consumed an average of 274 g DM of the concentrate mixture 
per day and an average hay intake o[ 698 g DM/sheep/day was 
recorded. The average daily mir.~ral intake per s~let::p during the 
experimental period and the concentration of minerals in the ration 
is presented in Table 7.1. The average Cu : Mo ratios in the rations 
were 3,9 for the Low Mo, 2,2 for the Mediu!l) Mo and 1,4 for the High 
Mo groups. An avera~e Ca : P ratio of 2,4 : 1 was measured in the 
feed. The average crude protein intake per sheep was 122 g/day 
during the trial. 
Body and organ mass 
Differences in final mass and body mass changes bet,l1een treat:nents 
were small and not statistically significant. The organs of the 
pre-experimental group were significantly lighter than the organs 
at the end of the trial (Table 7.2) No diffprences in organ mass 
due to treatment were observed at the end cf the trial. The DM 
percentages of the organs of all animals remained remarkablY 
constant, except for the low liver DM percentage of a ewe in the 
Low Mo treatment which died of cardiovascular shock during the 
kidney clearance study. 
Clinical investigation 
One sheep from the High Mo and one from the Medium Mo groups 
developed diarrhoea on the second day after the introduction of Mo 
to the diets. This diarrhoea lasted for two days. No further 
incidence of diarrhoea was observed in any sheep for the rest of 
the trial. During the kidney clearance study, one ewe (Low Mo) died, 












Total mineral intakes/sheep/day and average concentration of minerals in experimental rations 
CD M basis) 
Daily intake of minerals/sheep 
Mo Cu Zn Fe Mn S Ca P 
mg mg n'6 mg mg g g g 
0,6 78,5 59 302 236 3,69 10,3 4,35 
20,8 81,5 60 298 236 3,72 10,1 4,32 
38,4 84,~ 60 300 236 3,8.': ~.O, 2 4,32 
58,5 82,6 59 303 236 3,80 10,2 4,30 
Concentration of minerals 
mg/kg mg/kg mg/kg mg/kg mg/kg % % % 
0,6 80,8 61 311 243 0,38 1,06 0,45 
21,4 84,0 62 307 244 0,38 1,04 0,45 
39,6 86,8 62 310 243 0,40 1,05 0,4·5 
60,3 85,2 61 312 243 0,39 1,05 0,44 
\0 
0\ 
Table 7.2 Final body mass and body mass increases, mass of fresh organs and percentage DM in organs 
(± SE of means) 
Pr - X No Mo 
Final body mass (kg) 33,9 
.. I .. ~'. 
Mass increase (kg)"' 11,8 




DM (%) 29,6 ± 0,37 29,4 ± 0,45 
Spleen: Fresh (g) 42,5
a 7l,4
b 
DM (%) 22,2 .± 0,21 21,4 ± 0,54 
Lungs: Fresh (g) 271 a 3l5
b 









30,1 ± 0,50 
7l,6
b 
21,8 ± 0,22 
330
b 
19,9 ± 0,26 






30 ,7 ± 0, l. J. 30,8 ± 0,21 
69 5
b , 73,8b 
21,9 ± 0,27 21,8 ± 0,12 
32lb 329'b 
20,6 ± 0,20 20,3 ± 0,36 
, 'II: 




Including the 42 days of the pre-experimental period. 





Org .. ms and tissues 
There appeared to be no trend relating the sex of the sheep to accu-
mulation of minerals in the organs, therefore data from both sexe~ 
were pooled in the analyses. 
a) Copper 
The addition of M.o up to a level of 38 mg/sheep/day resulted in 
marked reductions in liver Cu content (Table 7.3). Despite wide 
variations in the Cu concentration of the livers within treatments, 
differences b~tween the No Mo and Medium Mo \vere statistically 
significant. However, at a Mo intake of 58 mg/sheep/day elevated 
Cu levels were again oDserved to be almost as high as the liver Cu 
levels of the group receiving no Mo (Figure 7.1). In all the other 
organs and tissues analysed, no change in eu concentrations was 
measured up to the level of 38 mg Mo/kg/day, except in the kidneys. 
A sljght increase in eu also oc~urred in the peart muscle. This 
trend of eu accumulation was obvious in all the tissues at the 
58 mg level of Mo intake and very pronounced in the kidneys, 
especially the kidney cortex (Figure 7.2). 
During the experimental period of 193 days, 0,35% of the dietary Cu 
accumulated in the livers of the sheep receiving no Mo. This esti-
mate is arrived at after taking into account the liver eu content 
of the pre-experimental group after 42 days on the high Cu ~ation. 
b) Holybdenum 
Any increase in level of Mo supplemented to the sheep was reflected 
in the concentrations of Mo in the organs and tissues (Table 7.4). 
An increase of approximately 20 mg Mo in the diet of a sheep per 
day was sufficiently high to cause a statistically significant in-
crease (P<'O ,01) in the Mo concentration of the tissues. The most 
dramatic increase in Mo concentration was recorded in the kidney 
cortex. In this respect, eu and Mo behaved similarly (Figure 7.2). 
99 
Table 7.3 The influence of different levels of Ho intake on the 
content and concentration of Cu in the tissues and wool 
of sheep (± SE of menn) 
Copper 
Treatments Pr-X No Ho Low Mo Med Mo High Mo 
Number 1 2 3 4 5 F-test'>'(* 




mg/kg DM 608 987 812 660 8~5 
1 <2,5'>'( 
+ 48 + 80 + 50 + 62 + 63 
mg 59,8 112,4 93,3 79,4 95',6 1~2,3,5 
+ 8 + 10 + 5 + 9 + 6 4<.2"( 
Kidneys: 
Cortex: 16 26 26 94 236 5)4>3,2,1 mg/kg DM 
± 0,8 + 1,9 ± 2,3 ±15,2 + 36,6 
Hedu11a: 
mg/kg DM 8,2 8,4 14,9 40,4 5>4>3,2 
± 0,9 ± 0,3 ± 1,5 ± 4,4 
Lungs: 
13,0 11,5 11,5 12,5 17,4 5>4,3,2,1 mg/kg DM ± 0,8 ± 0,6 ± 0,4 J.:. 0,5 ± 0,9 
Spleen: 
3,7 2,2 4,1 3,7 13,0 5>4,3,2,1 mg/kg DM 
+ 0 4 ± 0,3 ± 0,4 ± 0,5 ± 1,8 2~4*,3,1* - , 
Muscle 
(fat-free) : 
L dorsi: 6,2 5,0 4,6 5,6 6,1 5>3,2>'( ,mg/kg DM ± 0,5 ± 0,3 ± 0,3 ± 0,4 ± 0,2 1"> 3* 
Heart: 
5>4'>3,2,1 mg/kg DM 19,4 18,8 18,8 22,6 27,4 ± 0,5 ± 0,9 ± 0,6 ± 0,6 ± 0,8 
. Wool 
( fat-free) 
mg/kg DM 6,5 6,0 6,8 5,7 NS 
± 0,6 ± 0,5 ± 0,9 ± 0,3 
~: 
Differences significant at P<0,05 and 
7:7( 
Differences significant at P<.O,Ol levels of significance 









o 20 40 60 
Mo intake (mg/sheep/day) 
Influence of Mo intake/sheep/day on liver eu and Mo 
concentrations. 













































































0 20 40 60 
Mo intake (mg/sheep/day) 
Influence of Mo intake/sheep/day on the concentrations 
of eu and Mo in the kidney cortex. 
Vertical bars represent SE of means 
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Table 7.4 The influence of different levels of Mo intake on the 
content and concentration of Mo in the tissues and wool 




















































0,31 0,67 1,26 2,48 




















± 0,16 ± 0,55 
0,49 0,24 0,84 3,42 11,28 
+ 0,02 ± 0,03 ± 0,19 ± 0,36 ± 1,30 
0,20 0,18 0,15 









0,43 1,22 1,74 
+ 0,06 ± 0,37 ± 0,55 
0,38 0,37 0,45 1,01 










5,4.::> 3 >2,1 
5>4,3,2 
Differences significant at P<O,Ol level of significance 
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c) Copper to molybdenum ratios 
High positive correlations were observed between Cu and Mo concentra-
tions of the kidney cortices of the groups receiving additional Mo 
(Table 7.5). Similarly high correlations in Cu : Mo of tht:· medulla 
were ohserved at the two highest Mo levels. 
d) Iron and zinc 
None of the differences obtained in Fe or Zn concentration of the 
tissues was statistically significant (Tuble 7.6). Very wide 
variations in Fe concentrations of the organs were observed within 
treatments, rendering possible differences between treatments insig-
nificant. 
Blood analyses 
a) Plasma Cu and Mo 
Significant increases in total plasma Cu levels were obtained in the 
Medium and High Mo trec:.tments above the LO\" and No Mo treatments 
(Table 7.7 and Figure 7.3). These di.Lferences seemed to be due 
mainly to the direct rec:.cting Cu fraction of plasma because the differ-
ences between total and direct reacting Cu remained practically con-
stant for all treatments (Figure 7.4). 
The concentration of Mo in plasma followed the same pattern as the 
Mo concentrations in the other organs. Higher Mo intakes increased 
the Mo concentrations in plasma significantly (P<. 0 ,01) between low 
and medium levels and further between medium and high Mo intakes. 
b) Haematological parameters 
Throughout t~e experiment the PCV percentages, haemoglobin levels and 
red blood cell counts remained relatively constant without any 
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Table 7.5 The influence of level of Mo intake on the Cu: Mo 
ratios in the kidneys 
Cortex Medulla 
Treatments Atomic Correlation Atomic Correlation 
ratio (r) ratio (r) 
CU : Mo Cu: Mo Cu: Mo Cu: Mo 
Pr-X 10,67 0,03 
No Mo 15,29 -0,02 5,86 -0,33 
Low Ho 4,54 ° ,8l~ 3,65 0,06 
Med Mo 1,71 0,98 2,10 0,87 
High Mo 1,73 0,92 1,66 0,88 
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Table 1.6 The influence of differ ent l evel s of 110 on the concent ra t i on of Fe and Zn in the organs and 
the woo 1 of sheep (:: SE of mean) 
Zinc and Iron 
Trea tment Pre- exp No Mo Low}lo Med Mo High Mo 
* Number 1 2 3 4 5 F-test 
mg Ho/day 0 0,6 20,8 38,4 58,5 
Tissu~s : 
Liver: 
mg Fr> /kg DM 287 + 28 281 ± 36 289 + 25 363 :: 53 316 :: 44 NS 
mg Zll/kg DH 122 :: 4 120 ± 6 112 + 3 III ± 4 117::4 NS 
Kidney: 
cortex: 
mg Fe/kg 1),'1 181 ± 14 230 ± 42 256 :t 28 248 + 40 303 ± 71 NS 
Ill Y, Zn/kg DM 141 + 19 154 :t 16 ~~8 ± !.~ 149 ± 16 156 ± 17 NS 
li1edulla: 
mg Fe/kg DM 78 ± 14 96 ± 15 106 + 10 113 :: 17 NS 
mg Zn/kg DM 88 ± 6 90 ± 5 106 ± 9 82 .:!; 17 NS 
Lungs: 
mg Fe/kg DM 375 + 50 487 ± 46 484 ± 42 439 ± 57 449 ± 39 NS 
mg Zn/kg DM 63 + 3 75 + 2 83 ± 2 78 + 3 76 + 2 NS 
Spleen: 
\~6 Fe/kg DN 574 ± 33 699 ± 25 754 ± 39 566 ± 40 622 f.. 45 liS 
mg Zn/kg DM 102 ± 5 93 ± 2 :H ±· 2 99 + 2 100 ± 2 NS 
Muscle 
(fa t-free) : 
L dQ r~i : 
mg Fe/kg IA'I 77 ± 5 87 ± 15 65 ± 5 68 ± 4 65 ± 4 NS 
Iolg Zn/kg DM 112 + 2 81 ± 2 82 ± 3 89 ± 5 80 ± 2 tlS 
Heart: 
mg Fe/kg DM 239 ± 6 · 235 ± 15 201 ± 12 231 ± 6 238 ± 12 NS 
mg Zn/kg DM 77 ± 2 73 ± 1 76 + 2 79 ± 3 78 ± 2 NS 
101"01 
( tat free) : 
mg Fe/kg DM 16 ± 9 24 ± 8 9±4 8 ± 6 NS 
IIlg Zn/kg DM 111 ± It 110 ± 1 106 + 3 110 ± 3 ~;S 
* NS - Statistically not significant 
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Table 7.7 The influence of different levels of Mo on the 
average concentra tions of total plasma Cu, direct 
reacting Cu (DR Cu) and total plasma Mo. 
Plasma Cu 
3 and Mo (mg! dm ) 
Treatments No Mo Low Mo Med Mo High Mo 
** Number 2 3 4 5 F-test 
mg Mo!day 0,6 20,8 38,4 58,5 
Copper: 
Pr-X Period 
Total Cu 0,90 0,90 0,98 0,92 NS 
Exper. Period 
Total Cu 0,95 0,96 1,25 1,65 5>4>3,2 
DR Cu 0,22 0,27 0,59 0,97 5>4>3,2 
Difference 0,73 0,69 0,66 0,68 . NS 
Molybdenum: 
Pr-X Period 0,13 0,12 0,12 0,11 NS 
Exper. Period 0,06 0,12 0,54 0,92 5 >4 >3,2 
* "1': 
Differences significant at P«O,Ol 
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si~lificant differences between treatments. The average values of 
. all the readings are presented in Table 7.8, together ''lith the SE 
of the means. 
c) Prvtein fractions and other minerals in serum 
The mineral and protein concentrations in the serum were determined 
on four occasions during the trial. These values· remained practically 
constant in all analyses, therefore average values are presented in 
Table 7.9. ~he only exception was the Fe levels which fluctuated 
quite widely between different collections but not between treatments 
at a specific collection. 
None of the minerals or the protein fractions in the serum showed 
any significact differences related to Mo treatments. !he phos-
phorus concentration in the serum was substantially higher than the 
oftimum level suggested by the Allerton laboratories. All other 
mineral levels and the protein fractions corresponded tc those 
suggested as optimum levels. 
DISCUSSION 
The depressing effect of Mo plus S on Cu retentions in the livers 
of sheep is well documented. However, there are only few investi-
gations in which the effect of more than two levels of dietary Mo 
on hepatic Cu content have been tested and which were free of con-
founding effects of other treatments. Dick (1954) found a decrease 
in hepatic Cu content up to an intake of 20 ~g Mo/sheep/day. 
Between 20 and 100 mg Mo, Dick (1954) observed no further changes 
in the Cu content of the liver. Vanderveen & Keener (1964) and 
Huber et al. (1971) reported a progressive decrease in liver Cu 
concentration of dairy cattle at increasing levels of dietary Mo. 
At high Mo intakes (100 to 200 mg/kg feed) Vanderveen & Keener (1964) 
found very low and fluctuating levels of Cu in the liver. 
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Table 7.8 The effect of level of Mo feeding on average 
packed cell volumes (PCV), haemoglobin values 
and red blood cell (RBC) counts in blood 
(± SE of mean) 
PCV Haemoglobin RBC count 
Treatments % gl100 
3 x 106 cm 
No Mo 29,9 11 ,5 8,98 
± 0,48 ± 0,21 ± 0,36 
Low Mo 27,8 10,7 8,24 
± 0,54 ± 0,24 ± 0,29 
Med Mo 27,2 10,5 8,86 
± 0,51 ± 0,23 ± 0,29 
High Mo 29,4 11 ,0 8,39 
± 0,46 ± 0,18 ± 0,26 
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Table 7.9 Average concentrations · of minerals and protein fractions 




No Mo Low J.10 Med Mo High Mo Optimum 
Minerals level 
3 Ca (mg/ dm ) 95 98 96 99 100 
3 Inorg.P (mg/dm ) 74 74 73 73 42 
Mg 3 (mg/dm ) 21 21 21 21 26 
Zn 
3 (mg/dm ) 1,13 1,lR 1 ;01 1,05 0,98 
3 Fe (mg/dm ) 1,85 1,84 1,88 1,72 1,87 
3 K (mg/dm ) 178 174 176 174 191 
Proteins 
Tot. prot. 
3 (g/lOOcm ) 6,1 6,0 6,2 6,3 6,99 
Albumin (g/100cm3) 3,6 3,4 3,4 3,7 3,03 
Differences between treatments were statistically not significant 
Allerton vet~rinacy laboratories 
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In the present trial an increase in Mo intake up to 38 mg MO/f,~eep/ 
day caused a decrease in the liver Cu content. Wit~ a further 
addition of Mo (59 mg Mo/day) an increase in liver Cu content was 
observed. This response was contrary to expectations. At the 
lower Mo intakes, no changes in Cu concentration of the other 
tissues, except the liver and kidneys, were noticed. Hith an Mo 
intake of 59 mg Mo/sheep/day increases in the Cu concc~trations were 
observed in all the tissues, except in wool. This effect was quite 
dramatic in the kidneys, especially in the renal c'ortex, and was 
already evident at an intake of 38 mg Mo/day. 
Elevated renal and plasma Cu levels are well recognised consequences 
of the Cu - Mo - S interaction in the body of the ruminant, and were 
observed in Trials land 3, and by various other authors. These 
elevated Cu levels in the kidneys and plasma have been suggested to 
be the result of the accumt.~lation of Cu : Mo - containing compounds 
in these tissues in forms unava'ilable to the body. High co!"rela-
ti0ns between Cu and Mo in fractions of the plasma and in the 
kidneys ~yere observed by Dremner & Young (1978) and in Trial 3 of 
this study. Ratios between Cu and Mo in the ~idneys in Lhe present 
trial varied slightly from the ratios reported, bei~g generally 
slightly lower. 
From the results of the present trial it can be concluded that 
complexes containing Cu and Mo tended to accumulate, firstly in 
the kidneys, but eventually also in the liver and in other organs 
when high dietary levels of Cu, Mo and S were fed to sheep. In 
Trial 1, elevated Cu levels in the spleens were observed at high Mo 
intakes, an observation similar to the results of the present trial. 
Although no ve~ification of the results of thi s trial could be found 
in the literature, the concept that Cu and Mo could be present in 
unavailable forms in the body seems to be accepted (Cook et al., 1966); 
Ward, 1978). Suttle (1974b) concluded from work on non-ruminants, 
that dietary Mo concentrations below 100 mg/kg feed would decrease 
the Cu status of the animal, but above 100 mg Mo/kg cEeed "the more 
familiar response namely increased tissue Cu ~oncentrations accom-
panied by (symptoms of) clinical Cu deficiency, pertains". 
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In non-ruminants, elevated Cu concentrations in the tissues, 
especially the liver, were observed at high Mo intakes (Miller, 
Price & Engel, 1956; Mills, 1960; Arthur, 1965; Dale, Ewan, 
Speer & Zimmerman, 1973). Mills (1960) pointed out that additional 
S042- reduced these elevated liver Cu levels in rats, in contrast 
to the effect of S042- on the Mo- Cu interaction in ruminants. 
The formation of compvunds containing Cu and Mo at a ratio of 1,5 : 1 
was observed by Mills & Mitchell (1971) in liver t~ssue of rats 
receiving high levels of Cu and Mo. Suttle (1974b) mentioned the 
possibility that high levels of Mo in the bloodstream and tissue 
tended to favour the formation of inorgan ~ c and organic Cu-Mo 
complexes, which could then accumulate in the tissues. 
With the use of radio-isotope studies, Fisher & Clawson (1976) 
observed a reduced urinary Cu excretion in ruminants receiving 
high levels of dietary Mo, but increased faecal Cu excretions. 
They suggested that this was the result of an increased biliary 
excretion of organically bound Cu, after uptake of this Cu by the 
liver. Contrary to this, Grace & Suttle (1979) concluded from 
evidence in their trials on sheep that poorly exchangeable Mo com-
plexes, formed at high Mo plus S intakes, were ineffectively excreted 
by both the urinary and faecal routes. Grace & Suttle (1979) 
suggested the formation of Cu containing thiomo1ybdates in ruminants 
as the cause for this poor excretion of Cu and Mo. This difference 
in interpretation of results awaits final clarification. 
In order to ascertain the reason for the lack of support in the 
literature for the results observed in the present trial (Trial 4), 
comparisons have ' to be made between this trial and others in the 
literature. Suttle (1974b) pointed out that high Mo levels (100 to 
1000 mg kg feed) are usually used in experiments with non-ruminants 
while Mo levels of below 100 mg/kg feed are offered to ruminants. 
However, in the present trial the accumulation of Cu in the tissues 
was observed at 60 mg Mo/kg DM of the ration. It is proposed that 
the accumulation of Cu in tissues can occur in ruminants at an Mo 
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level of intake as low as 60 mg/kg feed, provided sufficient dietary 
Cu and S are available. However, if eu levels are only measured in 
the liver, kidney and plasma and at only two levels of Mo supple-
mentation (Ross, 1964, 1966, 1970; 'Jan Adrichem, 1965; Hogan, Ris 
& Hutchinson, 1966; Marcilese et al., 1969; Van der Berg & Van der 
Schee, 1973; Br2mner & Young, 1978), the accumulatiop- of eu in 
tissues, except the kidneys and plasma, may not be observed. Any 
accumulation of bound Cu in the liver will not be noticeable due to 
a decrease in liver Cu content owing to Mo supplementation which may 
be more rapid than the Cu accumulaticn. The development of a state 
of eu cl~ficiency due to Mo may also result in a lack of C~ in the 
body to bind with Mo, and limited accumulation of Cu can be 
expected. In the present trial no sign of eu deficiency was observed 
in any of the haematological parameters or in the Cu content of the 
liver or wool. However, tissue Cu concentrations, ego liver eu 
levels, will become unreliable indicators of the Cu status of the 
animal at high Mo intakes if Cu accumulates in these organs in 
undvailable f~rms. 
Dick (1954) observed constant hepatic Cu reten~J.onR !'it Mo intakes 
above 20 mg/sheep/day; this is contrary to the decreases in liver 
Cu content observed at similar Mo levels i!l the present trial. It 
is possible that S was a limiting factor in Dick's work at an intake 
of 0,46 g/sheep/day. Vanderveen & Keener (1966) and Huber e t al. 
(1971) reported signs of Cu deficiency in their trials at high Mo 
intakes. Bingley (1974) observed slight increases in liver Cu 
levels at high Mo intakes. However, these last-mentioned results 
are unexpected in view of the fact that the sheep received 8 to 10 
/ ' 2-mg Cu day and L20 mg Mo and 5 g S04 for 29 months. 
The Mo concentrations of the tissues in the present trial followed 
a pattern of accumulation which corresponded to the level of dietary 
Mo intake/day. These observations agreed with those in Trial 2 and 
with those reported by Cunningham & Hogan (1959) and Lesperance & 
Bohman (1963). It was shown in Trial 3 that tissue Mo levels also 
depend on the S intake, and that a constant Mo level per tissue can 
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be expected above a certain level of S in the diet. Accepting 
that the S intake during the present trial was above this minimum 
level as observed in Trial 3, it may be concluded that the concen-
tratiOl~ of the Mo in the tissues still depends on level of dietary 
Mo. 
Whether the Mo is present in an available form to the body or not, 
is not clear. It would appear from the conclusions drawn in Trial 
3 that most of the Mo in the kidneys was bound to Cu. At high 
concent!:'ations of the Cu - Mo l:omplex, ego .i..n the kidneys, a 'Close 
relationship between ~u and Ho may be expected. However, at lower 
concentrations of this complex, as observed in the other tissues, 
the presence especially of Cu in other forms, will influence any 
ratios between Cu and Mo when determined on the complete organs. 
After the commencement of Mo feeding in this present trial, two 
sheep had diarrhoea for a few Gays. Sevei:e diarrhoea ,vas observed 
by Suttle & Field (1968) in sheep receiving 50 mg Mo and 10 g s042-/kg 
feed. Diarrhoe~ as a sign of molybdenosis is usually observed only in 
cattle fed high Xv int~kes (Cunningham & Hogan, 1959; Underwood, 
1977; Ward, 1978). A reduction in plasma protein was suggested 
by Smith and Wright (l975b) as indicating that Mo supplementati.on 
affected protein metabolism. No differences in plasma protein or 
albumin were observed in the present trial. Bremner & Young (1978) 
suggested that the accumulation of Mo in the tissues and plasma had 
a toxic effect and was the reason for reduced growth rates observed 
in sheep receiving additional Mo. They arrived at this conclusion 
because additional S reduced the Mo levels in the tissues and 
improved the growth rate. However, it seems more likely that the 
additional Mo used by Bremner & Young (1978) reduced the availability 
of S to the micro-organisms in the rumen as observed by Huisingh & 
Matrone (1976) and others. Addltional S would, therefore, 
alleviate this S deficiency to the micro-organisms, and better growth 
would result. 
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Elevated inorganic P levels in serum may point to a potential 
problem, namely urolithiasis in sheep (Pope, 1975). In Trial 4, 
at a concentration of 0,45% P in the ration and a Ca : P ratio of 
2,4 : 1 urolithiasis should not he a serious risk. An interesting 
altGrnative reason for the elevated inorganic P levels in serum 
during. this trial may be the presence of high levels of Sand eu 
in tne diet. Goodrich & Tillman (1966) reported a depletion of P 
stores in the body at high levels of dietary S in .the presence of 
Cu. 
In the group on high dietary eu levels without additional Mo, a 
relatively low proportion of dietary Cu (0,35%) accumulated in the 
liver. This is in agLeement with the observations in the previous 
trials, where possible explanations for these low Cu retentions 
were discussed. However, the exceptionally high eu content of 
livers in the pre-experimental group after 42 days on the high Cu 
dIet (viz. 60G mg/kg DM), may have contributed to this low hep'atic 
Cu retention observed in the No Mo group. 
In Trial 3 it was proposed that minimum Sand Mo levels in the 
diet are required before the so-called systemic effects of the 
eu - Mo - S interaction will be observed. In this present trial a 
dietary Mo level of above 21 mg Mo/sheep/day was necessary to obtain 
the systemic effects, as compared to between 8 and 16 mg Mo/sheep/ 
day observed by Smith & Wright (1975b). However, no negative eu 
retentions were observed in the present trial at the Mo and S 
intakes of 38mg and 3,9 g respectively, which corresponded well 
with the Medium S treatment in Trial 3 where a slight positive Cu 
retention was also observed. 
117 
C HAP T E R 8 
THE ANATOMICAL AND PHYSIOLOGICAL SOUNDNESS OF LIVERS AND KIDNEYS 
OF SHEEP RECEIVING HIGH LEv~LS OF C~ AND S AND DIFFERENT LEVELS 
OF MO DURING TRIAL 4 
PROCEDURE 
All sheep received high levels of dietary Cu (± 84 mg Cu/kg DM), 
additional S (total S concentration ± 0,38%) and different levels 
of Mo, as described in Chapter 7. The treatment groups were 
called No Mo, Low No, Medium Mo and High Me depending on levels of 
Mo fed. 
Serum GOT and LDR levels were determined regularly throughout the 
trial. Althou~h the standard kits used, were developed for testing 
human plasma enzymes, their ~se with sheep serum was considered to 
be sufficiently accur~Le to show up relativ~ differences even 
though the estimates of enzyme activity might not be absol~tely 
correct. No statistical analyses were done on these data because 
changes in enz)"Gle concentrations took place in individual sheep 
within a group. 
The kidney clearance study was done on 14 of the 16 ewes in the trial. 
One ewe (217) in the Low Mo group died, presumably of cardiovascular 
shock during infusion of inulin. Another ewe in the Medium Mo group 
was excluded from the study because on both occasions when attempts 
were made to infuse inulin it showed symptoms similar to the one 
that died. One run of clearances with four collection periods was 
performed per ewe, with the exception of ewe 223 in the No Mo group 
on which two runs of collections were done. The averages of the 
collections per run per ewe were calculated. Clearances of inulin, 
creatinine and urea were calculated according to the formula given 
in Chapter 2. 
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If one of the four clearances obtained, differed markedly from the 
others, that result wa~ omitted and the average of the remainder 
was calculated. No statistical evaluation was attempted because 
of the limited nature of the data. 
A veterinary surgeon examined the organs and carcasses immediately 
after slaughter. Samples of liv~r and kidneys we~e taken after 
slaughter for histological study. Histological changes in the 
liver and kidneys were rated as follows: 
0 = n~ne 
1 = minimal 
2 = moderate 
3 = pronounced. 
No statistical analyses were attempted on the results because the 
values of and differences between treatments depend on the relative 
value assigned to the subjectiv~ly evaluated changes observed in 
these organs. 
The first four numbers per t~eatment group, for example 211, 212, 213 
and 214 in the Low Mo ~reatment,were allocate~ to the wethers and the 
second four, ego 215, 216, 217 and 218, to ~he ewes. 
RESULTS 
Macro-anatomical evaluation 
Slight liver degeneration was noticed in four sheep (namely, 222, 223, 
224 and 226) in the No Mo group and in one sheep each in the Low, 
Medium and High Mo groups, viz. 218, 241 and 230 respectively. 
Sheep 218 suffered from pleurisy to such an extent that half of the 
carcass was condemned. No evidence of the presence of liver tape 
worm (Stilesia hepatica) was noted, but scars, apparently due to the 
migratory stage of internal parasites were observed in some livers. 
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Serum enzymes 
The GOT and LDH levels in the serum followed more or less the same 
pattern for each sheep throughout te~ trial. They are therefore 
presented together in Table 8.1. These enzyme levels tended to 
increase sharply in the case of some individual sheep as may be 8p.en 
from the values presented in Appendix Tables 2 and 3. The dates on which 
blood was collected,have been grouped into two periods of approximately 
16 weeks each and the average enzyme levels are given for these two 
periods (Table 8.1). Increases in GOT levels were observed in some 
sheep within the first six weeks, before Mo treacmcnt commenceG, and 
these elevated levels were usually maintained throughout the tri31. 
In the No Mo treatment five of the eight sheep, including all four 
ewes, showed elevated enzyme levels towards the end of the trial. 
Levels of over 300 IU GOT/dm
3 
were measured in four sheep, two in 
the No Mo treatment (223 a~d 224), and one each in the Low Mo and 
High Mo treatments (214 and 231). Very high GOT and LDH 1c;vels 
we~e measured in sheep 223. In all (',as~s l,:here elevated enzyme 
levels were observed at a reasonably early stabc of the trial, there 
was a decreasing trend in concentration after a peak had heen reached. 
In the case of ewes 224 and 223 the highest GOT leuds were observed 
3 and 11 days respectively after kidney clearance studies were done 
on them, though in both cases the peaks in LDH concentration was 
reached before this clearance study. After the second kidney 
clearance test on ewe 223, no change in enzyme levels was observed. 
None of the other ewes shm'led similar elevated GOT levels after 
kidney clearance studies had been perforwed on them. 
The sheep which developed pleurisy (218) showed elevated GOT and LDH 
levels towards the end of the trial. Sheep 231 in the high Mo group 
showed high plasma enzyme levels throughout. 
At different stages of the trial, fairly wide variations in plasma 
arginase levels were measured, even within sheep. This was partly 
due to the occurrence of hemolysis in the blood but probably 
also because of inaccuracies in the assay procedure. Average plasma 
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arginase levels are presented in Table 8.1. These tend to show 
. trends similar to those of GOT and LDH. Substantially higher 
arginase levels were measured in the plasma of the No Mo group 
than in the other three groups. Very high ave~age arginase level~ 
were observed in the plasma of sheep 223, the ewe with the highest 
GOT and LDH levels. 
Micro-anatomical evaluation 
a) Liver histopathology 
The results of the histopathological investigation of the livers 
are given in Appendix ~ables 4 and 5. The degree of necrosis of 
isolated hepatocytes noted for each sheep is also presented in Table 
8.1 for direct comparison with the serum enzyme data. The most 
characteristic and significant histopathological changes in the livers 
were necrosis of individual hepatocytes, usually with infiltration of 
neutrophils. Hepatocyte necrosis w~ s present in all treatment groups 
but most pronounced in the group receiving high dietary levels of 
eu without Mo supplementation (No Mo group). Three sheep in this 
group showed prmtounced and three showed moderate levels of hepato-
cyte necrosis. Distinct cell necrosi~ was noted in one sheep each 
from the Low and the High Mo treatments(2l3 and 231 respectively). 
Minimal to moderate enlargement of the nuclei was observed in 
hepatocytes, expecia1ly in the vicinity of the portal canals. 
This occurred more or less equally in all treatment groups. 
Eosinophylic nucleus inclusions with moderate margination of 
chromatin were observed in sheep numbers 212 , 213: 215, 235 and 237 .. 
This may indicate advanced nuclear damage. 
Hydropic degeneration was observed in most sheep and was not 
specifically related to any treatment. Fatty changes were observed 
in only two sheep. Portal cell infiltration, mainly of a lympho-
cytic nature was observed, but this was not related to any treat-
ment. No prominent fibrosis, gall duct proliferation nor pigmen-
tation in the portal areas was observed in the liver of any sheep. 
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b) Kidney histopathology 
No pathological lesions were apparent with Haematoxylin-Eosin 
staining. Distinct PAS positive granules, as small, round, red 
granules, were seen in the cytoplasm of the cortical tubules. In 
Table 8.2 the extent by which the granules were PAS positive is s~own 
for each individual sheep. A higher fr equency of in t racytoplasmic 
granules staining PAS positive was observed in the High Mo grOt1!.' 
than in the other groups. 
Globules in the interstitual tissue of the medulla stained PAS 
positive in most sheep, though this was not related to any tr~a tment. 
Kidney clearances 
The results of the kidney c learance study are given in Appendix 
3 
Table 6. A summary of these results, expressed b cm plasitla per 
kg body mass, · as well as the clearanc ~ s cf r,r catinine and urea In 
relation to inulin, are p~esented in Table 8 , 3. 
During the kidney clearance study e\~e 223 in the N~ ~o group ex-
perienced s trained breathing and started to scour whi le ~lrine flow 
almost ceased. After three collections of the first run had been 
completed the test was terminated. On repea ting this clearance 
study a few weeks later, the ewe was again under stress but this 
time urinated excessively. Average clearances for both runs on 
this sheep are presented. Values betweGn individua l collections 
within the second run varied widely. The results from this run 
(223 b) were therefore ignored in the evaluation of the data. 
The data on the kidney clearances were too few to warrant definite 
conclusions regarding treatment effects on kidney function. Two 
sheep (215 and 231) showed creatinine and urea clearances in rela-
tion to inulin well above values observed for the other ewes. This 
was due to both a lower inulin clearance and a higher creatinine 
and urea clearance than in the other sheep . The ratios of creatinine 
Table 8.2 The occurrence of PAS positive granules in kidney cortical tubules of sheep receiving different 
levels of dietary Mo 
No Molybdenum Low Molybdenum Medium Molybdenum High Molybdenum 
"/( "/( ~': 'i( 
Sheep PA Spas. Sheep PA Spas. Sheep PA Spas. Sheep PAS pas. 
number granules number granules number granules number granules 
219 1 211 1 235 2 227 1 
220 1 212 0 236 228 2 
221 213 1 237 1 2:?9 3 
222 2 214 1 238 2 " 230 2 
223 2 215 2 2239 3 231 3 
224 2 216 0 240 2 132 2 
225 2 217 1 241 1 233 1 
226 1 218 2 242 2 234 2 
Total 11 Total 8 Total 14 Total 16 





Table 8.3 Average kidney clearances of inuli n, creatinine and 
urea of ewes per kg body mass and the ratio of 
creatinine and urea to i nulin clearance 
C1 e~rance s (/kg body mass) Ratios 
Treatments Ewe I~ulin Crea tinine Urea cCRI cURl 
Number (CIN) (CCR) (CUR) CIN C IN 
No Mo 223(a) 1,65 1,29 0,65 . 0,78 0,39 
7: 
223(b) 2,38 2,60 1,41 1,09 0,59 
224 1,58 0,73 0,67 0,46 0,42 
225 1,72 1,10 0,77 0,64 0,45 
226 1,85 1,35 0,93 0,73 0,50 
Low Mo 215 0,96 1,83 I,ll 1,91 1,16 
216 1,49 1,54 1,06 1,03 0,71 
218 1,16 1,02 0,53 0,88 0,46 
Med Mo 239 1,15 1,56 0,77 1,36 0,67 
24l 1,28 1,41 0,70 1,10 0,55 
242 1,49 1,76 l,18 1,18 0,79 
High Mo 231 0,83 3,14 2,00 3,78 2,41 
232 1,63 1,44 0,84 0,88 0,52 
233 2,08 2,21 1,39 1,06 0,67 
234 1,93 1,59 1,04 0,82 0,54 
* Wide variaU.ons in clearances between collections within run, 
data not considered in evalua tion. 
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to inulin clearance in the No Mo group were markedly lower than 
this ratio in the sheep receiving Mo. This lower ratio was mainly 
due to a lower creatinine clearance in this group as compared to the 
other groups. Although differences were not so pronounced in the 
CUR/C
IN 
ratio of the No Mo group as Ln creatinine, the results for 
urea seemed to follow the same trend as in creatinine, viz. re.lat; vely 
lower urea to inulin clearances in the group that rec~ived No Mo as 
compared to those receiving additional Mo. 
From the limited number of observations available it appears that 
Mo supplementation had no marked eff~ct on kidney function in the 
sheep under conditions prevailing in the present experiment. · 
DISCUSSION 
Even though the GOT and LDH levels in serum were determined with the 
use of standard analytical kits intended for human blood, the value~ 
ob~aiped in the ~resent trial corresponded well with values reported 
by Todd & Thompson (1963), Van Adrichem (196:;) ~ Ishmael et al.(l972) 
and Van der Berg & Van der Schee (1973) fo r normal sheep, viz. below 
135 IU GOT/dm3 and between 345 and 840 IU LDH/dm3 . 
Increases in GOT and LDH levels in serum may indicate that tissue 
breakdown is taking place somewhere in the body (Boyd, 1962; Schmidt & 
Schmidt, 1967) while high serum arginase levels indicated more 
specifically liver tissue breakdmvn (Schwartz, 1971). Concentration 
of all three enzymes are frequently used to monitor the extent of 
liver tissue damage when Cu toxicosis in sheep is suspected (Todd & 
Thompson, 1963; Ross, 1964, 1966; Van Adrichem, 1965; Hogan et al., 
1968; MacPherson & Hemingway, 1969; Ishmael et al., 1972; Van der 
Berg & Van der Schee, 1973). Changes in enzyme levels were detected 
by these authors up to eight weeks before the onset of the haemolytic 
crisis. 
Elevated enzyme levels were measured during the present trial in sheep 
receiving high levels of dietary Cu ,vithout Mo and at the low level of 
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Mo supplementation (No Mo and Low Mo treatment groups). Possible 
reasons for the high serum enzyme levels in sheep 231 (High Mo group) 
will be discussed later. In comparing the enzyme levels with the 
histopathological examination of the liver, it may be concluded that 
these enzyme changes were the result of liver tissue breakdown, 
especially in the No Mo group. In the case of sheep 223, these 
enzyme levels were very high, but showed a decrease towards the end 
of the trial. Pronounced hepatocyte necrosis of .the liver was also 
observed in this ewe. Although no haemolytic crisis was noticed 
in this sheep, which was being kept under close 3urveillan~e e~pp.cially 
after the kidney clearance study, the occurrence o~ high ~erem enzyme 
levels suggests that this ewe may have experienced such a crisis. 
However, the liver and kidney lesions observed in sheep 223 were 
histologically different from those described by Ishmael et al. (1971 b) 
and Gopinath et al . (1974) as being characteristic of sheep which 
survived a haemolytic crisis. 
The histopathological and serum enzyme It:vels rueas..:red in the present 
trial, suggests that tissue break<lO\.rn actuaE:r took place in the livers 
of some sheep, mainly in the group fed high Cu lev~]a without Mo. 
These results substantiate those of Ishmael et al. (197lb) who 
observed histological changes during the pre-haemolytical stage of 
Cu toxicity in sheep. However, changes in enzyme concentrations were 
observed in the present trial for extended periods, withollt the 
occurrences of a haemolytic crisis. These results, therefore, do not 
support the observation by various other authors that a haemolyti c 
crisis can be expected within eight weeks from the change in serum 
enzyme levels (Todd & Thompson, 1963). It is possible that the 
Merino types u5ed in the present trial with their suggested higher 
resistance to Cu toxicosis and ability to survive more than one 
haemolytic crisis (Edgar et al., 1941) may also show elevated enzyme 
levels without advancing to the stage of the haemolytic crisis. If 
this is the case then elevated GOT, LDH and arginase levels in serum 
do not give reliable indications of an approaching haemolytic crisis 
in the Merino. 
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Inulin clearance is commonly used as a measure of the glomerular 
filtration rate (GFR) of the kidneys (Smith, 1956). In the case 
of humans and laboratory experimental animals, Smith (1956) suggested 
that GFR be expressed on a body surface area ba sis for comparative 
purposes. Owen (1975) expressed his results and made comparison:; 
on a per kilogram body mass basis. Owen (1975) obse :::ved GFR values 
of 1,75 with a SD of ± 0,72 and 1,89 ± 0,64 cm3/min/kg. He a]so 
quoted values from various other workers r anging from 1,75 to 2,35 
cm3/min/kg body mass. The inulin clearances observed in the present 
trial corresponded well with these results, except in the case of two 
~ 
sheep, ~iz. number 215 and 231, where values below 1,0 cm- Imi~/kg 
body mass were measured. 
In some species the kidney clearance of crea tinine is very similar 
to that of inulin (Smith, 1956). However, Ladd, Liddle, Gagnon & 
Clarke (1957) pointed out that in sheep and goats, tubular partici-
pation in the excretion of creatinine takes place. Creatinine to 
inulir. :learance ratios (r.CR/C
IN
) of approximat~ly 1,0 and above can 
be expected. Shannon (1937) measured a CCR/C IN of 1,03 in sheep 
while Ladd et al.(1957) reported ratios of betwe en ],1 and 1,7 in 
normal goats and between 0,3 and 1,4 in goats after a traumatic shock. 
Smith (1956) pointed out that many sub s tan ~ es when administered 
simultaneously depressed tubular excretion of each other, though he 
emphasized that this would not indicate any toxic actions between 
them. Ladd et al. (1957) observed a drop in creatinine clearance 
with the administration of p - aminohippurate (PAR) and thiosulphate 
while the inulin clearance remained unaltered. 
In the present trial the CCR/CIN ratios were :-Jithin the range of 
0,9 to 1,2 in all the groups receiving additional dietary Mo, 
except for sheep 215 and 231. The high CCR/cIN ratios observed 
in these two sheep were due, not only to a low inulin clear ance, 
but also to a relatively high creatinine clearance, especially in 
the case of sheep 231. Smith (1956) pointed out that any reduction 
in renal filtration rate, for example, due to a renal disease, would 
result in a reduced amount of substances excreted by filtration such 
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as r.reatinine, uric acid and urea. The relatively high rate of 
' creatinine and urea clearance, especially in sheep 231, is difficult 
to explain in view of the fact that relatively high GOT and LDH 
levels were measured in this sheep throughout the trial, and the 
concentration of PAS positive granules in the cortex tubules of 
thi::: sheep ~.,ere high, indicating some kidney damage. 
Rela~ively low CCR/CIN ratios were observed in the ewes which did not 
receive any additional Ho during the experiment, a's compared with 
thos~ sheep receiving additional Mo. Ladd et al.(1957) reported the 
reduction of ~reatinine clearance in t he ~resence of thiosulphate. 
In this present trial fairly high levels of S were fed to the sheep. 
Bird & Hume (1971) obs erved a high rate of ester sulphat~ i ncluding 
2-thiosulphate, excretion through the urine when S04 and cystine 
were fed to sheep. It seems quite possible tha t S-containing sub-
stances in the blood reduced the crea tinine excretion in the No Mo 
g~oup during this trial. Gawthorne & Nader (1976) found a marked 
2-reduction in S absorption through tl-te rUi.,cn wall in the presence 
of fairly small quantities of Mo. The forma tion of thi,omolybdates 
in the rumen (Dick et al.,1975; Gawthorne & Nader, 1976) may also 
reduce the conce~ tration of S compounds in the blood. This may be 
the reason ~hy the low rate of creatinine excretion was only 
observed in the treatment without Mo a~d not in those receiving~ 
additional Mo in the rations. 
Shannon (1937) reported a CCR/cIN ratio of 0,52 in sheep, 
which corresponds well with the ratios obs e rved in the present trial, 
with the exception of sheep 215 and 231. 
From the kidney clearance study no impairment of kidney function, as 
suggested by Van Adrichem (1965), was obser ved at high Mo + S intakes. 
However, the tendency towards a higher frequency of PAS positive 
granules in the cortical tubules of the High Mo groups may indicate 
some influence of accumulated Cu and Mo in the kidneys of sheep 
receiving high levels of Cu, Mo and S. 
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C HAP T E R 9 
GENERAL DISCUSSION 
The prevention and control of Gu and Mo toxico8is in sheep (induced 
hypocuprosis) is a pr0b).em of considerable practical importance. 
From the results of the present series of trials it is clear that 
the various aspects of the Cu - Mo - S interaction must be fully under-
stond if the animal nutritionist is to be in a position to modify 
the eu metabolism of his animals by ciietc:ry means . Much work in 
this direction has been attempted, but the reports in the literature 
confirm that the whole field is still in a state of disarray. 
Broadly speaking, two separate aspects of Cu toxicity can be identi-
fied. On the one hand there is the undesirable accumulation of Cu 
iiL the bcdy due to the presence of this mineral in the food consumed. 
On the other hand there is the Ciaesti0n of eli:ninating Cu from the 
body in a practical manner. 
The dietary !:!. p~rof:tch to the problem has taken various forms. Some 
research workers have proposed that dietary ratios between eu and 
Mo be used to identify rations likely to be satisfactory in practice. 
Thn;;, Cu: Mo ratios of 2: 1, (Miltimore & Mason , 1971); 5: 1 
( Alloway, 1973; Pope, 1975) and 7 : 1 (Case, 1974) have all been 
recommended as safe, and not likely to result in Cu deficiency in 
sheep. Unfortunately, Cu : Me ratios are not independent of other 
minerals in the ration. In the present trials, the level of 
dietary S was shown to exert a modifying influence such that at a 
low level of S (0,2%), a Cu : Mo ratio of 2 : 1 would be unlikely to 
result in a Cu deficiency, while at greater inclusions of S 
(0,4% to 0,5%), a wi4er ratio would be required to safeguard against 
hypocuprosis. The suggestion made by Suttle (1974b) that both Mo 
and S be taken into account when predicting the availability of Gu 
to sheep, therefore has considerable merit. 
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However, the usefulness of formulae and ratios to describe the. 
response of Cu in the body to Cu - Mo - S interacttom: can have only 
limited scope because of the following reasons: 
1. The form (organic or inorganic) or compounds in which the Cu, 
Mo or S are presented may influence the availability of the 
mineral to the body; 
2. The presence of other minerals in the diet or in the body 
may interfere with the metabolism of Cu, Mo or S; 
3. Differ~nces in the metabolism of at least eu, may exist 
between sheep breeds; 
4. Decisions regarding the Cu - Mo - S ratio depend on the mineral 
status of the body, which is difficult to determine. 
In the first place, the availability of Cu itself Jepends upon the 
chemical form in which it is consumed (Chapman & Bell, 1963). In 
practice, therefore, Cu toxicity in sheep may aris~ from the intake 
of different forms of Cu, the availability 0';: which is lH:ely to 
differ from source to source. Furthermore, t~E: in'.:eraction of Cu 
with Mo is variable depending upon whether Mo is presen t in organic ' 
or in incrganic form (Suttle, 1975b; l~isber & Clawson, 1976). This 
latter problem may not be very serious in practice because Mo, when 
used prophylactically, is normally added to rations as an inorganic 
salt. In these circumstances its behaviour may possibly be 
predictable with reasonable accuracy. 
Although Suttle (1974c and 1975b) proved that S in both the organic 
and inorganic form effects Cu metabolism wit'.1 more or less equal 
efficiency, Goodrich & Tillman (1966) and Huisingh & Matrone (1976) 
observed differences in Cu metabolism depending on the form in ,,,hich 
S was provided to sheep. Furthermore, some S may escape participa-
tion in interactions with Mo by bypassing rumina1 reductions 
(Suttle, 1975b) and secondly, endogenous S may be added to the Spool 
in the rumen through the saliva (Hume & Bird, 1970). It is clear 
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that the contribution of S is the most unpredictable of the three 
minerals in the Cu - Mo - S interaction and that its interaction with 
Cu or with Cu + Mo cannot be ignored. 
The existance of interactions be tween Cu and various other minerals 
has been demonstrated (Tillma.n, 1966; Hill & Matrone, 1970). How-
ever, the levels and quantities in the die t necessary to observe the 
preGence of such interactions in sheep have, in most cases, not been 
determined. Breraner et a1. (1976) demons trated that Zn at levels 
of 220 and 420 mg/kg feed wa s effective in controlling hepatic Cu 
accumulation in sheep. From the present series of trials it has 
become clear that many of ' the minerals antagonistic to Cu in the !Jody, 
may bp present in rations at l evels welL above the requirements of 
sheep for those minerals. Some evidence of interactions between 
Cu and Fe,and eu and Zn was observed in Trial 2. The inclusion of 
poultry manu~~ in a diet should contribute substantially to the 
concentra tions of minerals antagonistic to Cu. It is possible 
that incl-easiug the amount of pC1ultry manur e :i.n a diet may increase 
total Cu intake, but this will simultdneously increase the intake of 
Cu antagonists, rendering eu less available to sheep. 
In their work on pigs, Suttle & Mills (1966) observed an &dditive 
effect of eu and Fe on the increase in Zn l eve ls in pig livers. 
This may indicate that ~ome of the interac t ing effects of two minerals 
on another mineral may be independent, r esulting in an additive 
response. However, it can be expec t ed tha t some of the interactions 
of different minerals on a gi ven mineral will be of a non-additive 
nature. If, for instance S renders a proportion of Cu unavailable 
in the rumen by fonning CuS (Huisingh et a1., 1973), then less Cu 
will remain to interact with Zn at tissue level. The best example 
is probably the interactions between Cu and S, and Cu and Mo + S. 
Although both pathways are known to exist, it is not clear to what 
extent eus or cupric thiomolybdate would be formed in the digestive 
tract if both Mo and S are fed at high levels. 
The fact that both additive and non-additive interactions between 
minerals can occur, greatly diminishes the practicability of 
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dev~loping multiple regression equations for predicting the relation-
. ships between dietary minerals and Cu metabolism. It would seem 
that a solution to this problem must be sought by other approaches 
than simple mathematical formulae. Various considerations tend to 
support this conclusion. Under experimental conditions it is 
practiC'A.lly imposSible to look at all possiblE: interactions of the 
minerals under investigation. With the use of purified diets, the 
researche-r can ensure the addition of nutrients in the "right" 
quantities and may be able to develop prediction equations. With 
natural feeds, however, with variable and often even unknown amounrs 
of a 19rge ar~ay of minerals present, the position becomes unmanage-
able. In the present series of trials a knowledge of the Cd and Se 
content of the diets could possibly also have been useful, especially 
where poultry manure was included. 
Aside from the mineral content of rations, information about other 
m~nera1s and mineral levels in the blood may also be useful back-
ground information against which resl,lts C;1'1. b2 evaluated, ego 
although Co does not apparently interact wi th Cu, anaemia is a 
deficiency symptom of both Co and Cu (Ammerman, 1970). A knmv1edge 
of the Co intake might have helped in interpreting results such as 
the anaemia obaerved in sheep during Trial 2 of this serie~. 
Genetic differences in ability to accumulate Cu in the liver or to 
survive a haemolytic crisis have been observed between sheep breeds 
(Edgar et a1., 1941; Marston & Lee, 1948). The extent of these 
differences has not been quantified for breeds. Within breeds, 
variation also seems to be vlide (Todd et al., 1962). If breed 
differences are large ,any formula or ratio to predict the response 
of the Cu - Mo - S interaction on Cu accumulation in the liver, will 
have to be breed specific. In the present series of trials, it is 
possible that a breed effect was responsible for the low hepatic Cu 
retentions observed. Resistance to eu toxicity was also suggested 
as an explanation for the prolonged occurrence of elevated serum 
GOT levels in the Merino type of sheep on high levels of dietary eu 
during Trial 4. 
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In view of foregoing considerations, the problem of a suitable 
experimental design for studies of mineral nutrition, ego Cu, is 
a matter of some importance. Sheep can be blocked according to 
liver Cu concentration at the onset of a trial to ensure equal 
average Cu concentrations per treatment. This can be achieved by 
the use of liver biopsy 'technique, as suggested by Dick (1954), and 
would probably reduce some of the variation in liver C,.! levels at 
the end of a trial. If the wide variation in rate of accumulation 
of dietary Cu in the liver within a breed has a genetic basis, some 
breeds may be preferable to others as experimental subjects. 
As an aside, genetic differences in resistance to Cu toxicity create 
the possibility of selection for this trait. For success, a rapid 
and reliable method for assessing resistance would be required. 
Liver biopsy is not a very attractive techniques but if the ability 
of sheep to metabolise Cu can be measured by evaluating the turn-
over rate of plasma caeruloplasmin, progress could De possible. For 
th~ present, cae~uloplasmin turnover rate is evaluated using ex~ensive 
Cu 67 , making this approach rather impracticable (Marcilese et al., 
1976) . 
A knowledge of the Cu intake of sheep will be of valuable assistance 
when deciJing on amounts of Mo and S tu be supplied in relation to 
dietary Cu. As long as definite relationships between dietary Cu, 
Mo and S on Cu metabolism have not been established, the 'iiver Cu 
content should be monitored to ensure that a state of eu deficiency 
does not develop. 
~Vhen the Cu content of the liver has to be reduced, Mo and S should 
be supplied at levels high enough to promo t e ~he systemic interactions 
between Cu, Mo and S. However, it is not possible to suggest 
specific levels of Mo and S for general use. From the results of 
the present trials, and from results in the literature, it is 
apparent that Mo and S levels at which these systemic effects can be 
expected, differ quite widely (Smith et al . , 1968; Marcilese et al., 
1970; Bingley, 1974 and Smith & Wright, 1975b)) probably because of 
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all the factors which can influence the Cu, Mo and S metabolism in 
. the body. Again, the Cu status of the liver will have to be followed 
to decide when to stop treatment and so to avoid hypocuprosi.s. The 
systemic effect may result in a build-up of Cu and Mo in the liver 
in forms unavailable to the body. This decreases the accuracy of 
eval.llating the CU status of the body from the llepatic Cu concentration. 
No information is available on the level of Cu, Mo or S intake at 
whicLl the unavailable Cu-Mo compound will start to accumulate in the 
liver. 
Liver eu concentrations can be estimated ~easonab1y precisely from 
the Cu content of liver biopsy samples, despite variations in Cu 
concentration at diffelent sites of the liver (Barden & Robertson, 
1962). Tissue 
according to Mo 
Bohman, 1963). 
and plasma concentrations of Mo tend to fluctuate 
intake (Cunningham & Hogan, 1959; Lesperance & 
Relative values depend on S intake (Tr ial 3) and 
give no i~dication of the Mo status of the animal or the extent of 
the participai:ion of Mo in the ell - Ho - S inter".ction. In fact, 
the present series of trials indicated that Mo levels il, the body 
fluctuate according to dietary Mo concentration excluding any 
indication of the long term Mo status of the body. The build-up of 
Mo in bone was not investigated in these trials, and may be related 
to a long-term accumulation of Mo in the body (Cunningham & Hogan, 
1959; Lesperance & Bohman, 1963). The presence of Ho in unavail-
able combinations with Cu in body tissue, due to the systemic effect 
of the Cu - Mo - S interaction may, however, be of a more long-term 
nature than the available Mo. The Mo bound in this way may be of 
no value in evaluating the Mo status of the animal. 
Under practical conditions the use of the liver biopsy technique 
to determine the Cu status of the animal is hardly practicable. 
Total Cu intake of a grazing animal will also be difficult to 
determine. The stockman and his advisers will, therefore, have to 
rely on formulae for predicting the Cu metabolism and the effects 
of the CU - ~10 - S interac tion on it. Infonnation about deaths of 
contemporaries and a knowledge of the Cu toxicity problem in the 
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are~ will help in decision-making. Such a hit-and-miss method is 
unsatisfactory and very big margins of safety will have to be allowed 
for. 
It is obvious that safer and more reliable methods of controlling Cu 
toxici~y should be sought. The use of high levels of Zn as an 
antagonist to Cu has been suggested (Bremner & Davies, 1973: Mills, 
1974) and t~sted (Bremner et al., 1976). The interaction between 
Cu and Zn was suggested to take place at tissue l evel (Hill & Matrone, 
1970), including the liver (Bremner & Marshall, 1974). 
The interaction between Sand Cu with the formation of CuS has been 
shown to take place mainly in the digestive tract of the ruminant 
(Huisingh et al., 1973; Suttle, 1974b). This interaction may be 
exploited to ~ontrol Cu absorption in sheep . From available 
evidence it is not clear to what extent S would prevent Cu absorp-
tion, though t:his will depend on the level of S supplementation in 
relation to dietary Cu levels. 
Interactions with other minerals in the diet will have to be taken into 
account when S oc Zn are used to control Cu toxicosis in sheep. S 
was found tc jnterfere also v:ith the metabolism of Se, Ca and P in the 
body (Goodrich & Tillman, 1966; Tillman, 1966) while Zn can also 
int eract with Fe, Sand P (Tillman, 1966) . These interactions may 
reduce the value of using these t,.;ro minera l s and may result in 
unreliable predictions of changes in eu metabolism in the body. 
Thiomolybdates or ammonium thiomolybdates were suggested as possible 
compounds responsible for the binding of eu s both in the digestive 
tract and in the body (Dick et al., 1975; Fisher & Clawson, 1976). 
The intravenous injection of thiomolybdate in kno,.;rn quantities to 
bind and inactivate a known concentration of eu in the body shows 
promise of a means of preventing eu toxicosis in sheep on a controlled 
basis. Furthermore, through oral administration of thiomolybdates, 
eu absorption from the digestive tract can be reduced, provided 
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thiomolybdates are not degraded in the.cumen. However , the role 
of thiomolybdates in t~le eu - Mo - S interaction will have to be 
elucidated and dose-response effects must be determined. Whether 
thiomo I ybdates are the only compounds res?onsible for the eu - Mo - S 
interaction, is not clear. It ~as been sho\m by Gawthorne & Nader 
(1976) that thiomolybdates are formed in the rumen. The accumula-
tion of eu and Mo in fixed ratio5 in rats' livers has been observed 
by Mills & Mitchell (1971). This suggests the fQrmation of eu and 
Mo containing compounds in the body of the non-ruminant. 
It is clear that many aspects of the eu - Mo - S interaction in sheep 
have still to be clarified. Predictions of changes in eu metabolism 
in the body, based on eu, Mo and S intakes, will be very specific 
to the situation under which they were calculated, i.e. type of feed, 
feed ingredients and breed of sheep. It is clear from the present 
series of trials that the most informative results will be obtained 
if interacting effects between these miner&ls are investigatp~ at 
more than t~o levels of a specific mineral. However, this requir~s 
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APPENDIX 
Appendix Table 1 Variation in liver eu concentrations of sheep 
fed different qua~tities of dietary eu during 
Trial 2 . 
Liver eu concentration (mg/kg DM) 
Treatments 1 2 3 4 5 6 
895 765 695 1457 1087 521 
1556 529 736 2246 1396 702 
1211 739 578 1994 938 1144 
1015 828 382 1542 1143 948 
1019 ~87 787 2079 655 856 
706 774 164 630 1268 775 
901 488 823 1751 812 1239 
804 707 572 1537 8e2 919 
Average 1013 715 592 1730 1023 888 
SE of 
mean 94 49 73 215 87 82 
Appendix Table 2 
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The influence of l evel of di e tary Mo on the COT levels in ~ c rum of sheep on 
























































































































































































































































































































































































































































































































The influence of level of dietary }10 on th e LDH level in serum of sheep on high 










































































































































































































































































































































Appendix Table 4(a) Liver pathology of individual sheep receiving high levels of Cu and S and different levels of Mo in their diets 
Trea tment No Molybdenum Low Molybdenum 
Sheep number 219 220 221 222 223 224 2. 5 226 211 212 213 214 215 216 
Hepatocy te 
necros is 1 2 2 1 3 3 2 3 1 2 3 2 1 1 
Enlarged 
nuclei 1 1 1 1 2 1 2 1 1 ~ 1 1 1 1 
Hypcrt rophy of 
Kup:fe r c e lls 1 1 2 2 2 2 2 1 1 ~ 2 1 1 1 
Hydropic 
degenera tion 2 2 1 1 1 0 0 2 2 3 1 1 ! 1 
Fatty changes 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Porta l ce ll 
infiltra t i on 1 1 1 1 2 1 1 1 1 2 0 1 2 2 



















Appendix Table 4 (b) Liver pathology of individual sheep receiving hig~1 'levels 0' Cu and Sand d".ffen.nt levels of Mo in their diets 
Medium ~olybdcn~m High Molybdenum 
Sheep number 235 236 237 238 239 240 241 242 227 228 229 230 231 232 
Hepatocyte 
necro s is 1 1 1 2 1 1 1 1 1 1 2 1 3 1 
Enlarge d 
nuclei 1 1 2 2 1 1 1 1 1 1 1 1 1 1 
Hypertrophy of 
Kupffer cells 1 1 1 1 1 1 1 1 1 0 1 1 2 1 
Hydropic 
degeneration 1 1 2 2 0 1 0 1 1 1 1 1 1 2 
Fatty changes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Portal cell 
infiltration 1 1 1 1 0 1 0 0 2 2 1 2 1 1 



















Appendix Table 5 Kidney clearances of inulin, creatinine and 
urea during Trial 4. 
Treatment No Molybdenum (cm3/min) 
Ewe r.i.lmber 223(a) 223(b) 224 225 226 
Inulin 58,4 100,0 49,0 46,5 47,2 
Creatinine 46,0 1091 22,5 298 34,4 
Urea 23,1 59,3 20,8 20,9 23,7 
Treatment Low Molybdenum (cm3/min) 
Ewe nt!mber 215 216 218 
Inulin 37,7 l~3,3 . 27 , S 
Creatinine 72,3 44,7 24 , 4 
Urea 44,0 30,8 12 , 6 
Treatment Medium Molybdenum (cm3/min) 
Ewe number 239 241 242 
Inulin 44,9 42,9 36 , S 
Creatinine 60,9 47,2 43 , 1 
Urea 30,0 ?3,5 28 , 8 
Treatment High Molybdenum (cill3/min) 
Ewe number 231 232 233 234 
Inulin 33,1 .31,3 62 , 4 52,3 
Creatinine 125~4 45,5 66 , 3 43,0 
Urea 80,0 26,4 41 ,8 28,2 
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